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ABSTRACT
The thermoelectric properties of nanostructured silicon have attracted signifi-
cant attention in recent work. The objective is to reduce thermal conductivity
through the introduction of phonon scattering mechanisms while preserving
charge transport. Initial reports on electrolessly etched silicon nanowires and
periodic “holey” silicon membranes contained several puzzling aspects that
remain unresolved. Here, we present measurements on mesoporous silicon
nanowires fabricated through electroless etching of degenerately doped sil-
icon. While thermal conductivity in this material at room temperature is
attractive for thermoelectric applications at ∼2 W/(m·K), charge transport
is severely degraded due to the disordered yet nanocrystalline structure. We
investigate post doping conditions to improve the electrical conductivity by
∼3 orders of magnitude. TEM characterization confirmed that porosity and
crystalline structure are retained after doping. We characterized the boron
concentration before and after doping by secondary ion mass spectroscopy
(SIMS). Raman spectroscopy was also employed to extract the free carri-
er concentrations as well as nanocrystalline size. We measured the Seebeck
coefficient and thermal conductivity from 30 K to 400 K by a frequency do-
main technique. Analysis of Seebeck coefficient reveals the electron scatter-
ing mechanism in porous silicon nanowire before and after post-doping. The
carrier concentrations extracted from Seebeck coefficient are in good agree-
ment with the Raman spectrum analysis. In order to interpret the thermal
conductivity data, we propose a frequency dependent multiple scattering of
phonons across the porous wire. This work provides detailed insight into
charge and heat transport in disordered yet nanocrystalline materials and
advances their engineering for thermoelectric waste heat harvesting amongst
other applications.
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CHAPTER 1
INTRODUCTION
1.1 Motivation and background
Cost-effective waste heat recovering technologies is important for improving
energy efficiency. According to US Department of Energy, each year nearly
60% of the total energy generated is rejected in the form of waste heat, 2
TW of which is low quality waste heat (40 ◦C∼250 ◦C)[1]. Thermoelectric
materials utilize the Seebeck effect to directly convert heat to electricity. Al-
though thermoelectric devices may not be sufficient enough to play a role in
large scale heat engines [2], they still have unique advantages [3]: for exam-
ple, scalability which means it can be used in places where size and weight
matter; better reliability due to no moving parts. A typical thermoelectric
device involves a Π-leg module where heat flows from a p-type and an n-type
semiconductor in parallel that generate a Seebeck voltage. Meanwhile free
holes and electrons are driven from hot side to cold side thus forming electri-
cal current flows in series across the p-type and n-type semiconductors. This
is illustrated in Fig.1.1.
The conversion efficiency is quantified by the thermoelectric figure of merit
ZT = (S2σ)/k, where S is the Seebeck coefficient (with unit V/K), σ is the
electrical conductivity, k is the thermal conductivity and T is the average
operating temperature. Snyder et al. provided a rigorous analysis of ther-
moelectric efficiency [4]. If we assume constant properties with temperature,
the maximum conversion efficiency for a thermoelectric generator working
between high temperature TH and cold side temperature TC is calculated by
Eq. 1.1 [5]
ηmax =
(TH − TC)
(√
1 + ZTM − 1
)
TH
(√
1 + ZTM + TC/TH
) (1.1)
1
Figure 1.1: Illustration of a thermoelectric generator module with p-type
and n-type semiconductors.
where TM = (TH + TC)/2 is the average temperature. We see that when ZT
approaches infinity, the thermoelectric conversion efficiency reaches Carnot
efficiency. The difficulty to increase ZT arises from the fact that S, σ and k
are mutually contra-indicated in a material. We require a good thermoelec-
tric material to have low thermal conductivity, high electrical conductivity
and Seebeck coefficient. When we try to increase the electrical conductiv-
ity by increasing charge carrier concentrations, Seebeck coefficient will be
reduced; when we suppress the thermal conductivity by introducing more
scattering, charge carrier mobility will be reduced at the same time. The
most widely used bulk thermoelectric materials at relative low temperature
(below 200 ◦C) are alloys of Bi2Te3 and Sb2Te3 [6] with ZT peaks around 1.
From 1990s, researchers started to investigate the possibility of using nanos-
tructures to increase ZT by independently engineering one property without
affecting the others. As an example Hicks and Dresselhaus [7, 8] theoretically
pointed out that with quantum well superlattice structure or 1D quantum
wire, S2σ was enhanced while k was lowered by phonon surface scattering.
Attempt on Bi nanowires embedded in porous alumina and silica showed
enhanced thermoelectric power [9] and was consistent with theoretical pre-
diction. Experimental realization of enhancement in power factor was demon-
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strated in other nanostructured systems, such as Bi2Te3/Sb2Te3 supperlat-
tice [10], PbSeTe/PbTe quantum dot superlattices [11]. However the most
understood benefit of using nanostructure in thermoelectric is the reduced
lattice thermal conductivity due to increased phonon scattering. Several pa-
pers reviewed the recent progress in nanostructured thermoelectric material
[12, 13, 14, 15, 16, 3].
1.2 Thermoelectric study on silicon nanowire
The possibility of using silicon as a thermoelectric material for waste heat re-
covery is technologically significant due to silicons economy of scale and vast
processing knowhow. However, the major draw back was its high thermal
conductivity (at room temperature, 148 W/(m·K) for intrinsic silicon and
about 90 W/(m·K) for degenerately doped silcon). Thermal conductivity of
Si consists of lattice contribution kL and electronic contribution ke. ke can
be estimated by Wiedeman-Franz law ke = LT where L = 2.44 × 10−8 W
Ω K-2 is Lorentz number. For 1 × 1019 cm-3 carrier concentration, ke ∼ 0.7
W/(m·K) at 300 K. Hence the lattice contribution to thermal conductivity
dominates. Electronic mean free path (MFP) in doped Si is less than 10
nm whereas the phonon MFPs contributing to heat conduction are above
100 nm up to several µm shown by most recent first-principle calculations
[17] and experimental work [18, 19]. The cumulative thermal conductivity
and electrical conductivity as a function of carriers MFP is shown in Fig.
1.2 (adopted from Ref. [20]), where the electron conductivity is calculated
from scattering rates [21]. As a result, by engineering silicon nanostructure
to have critical dimension above 10 nm, we may bring down lattice thermal
conductivity by increased phonon scattering but meanwhile keep electrical
conductivity non-disturbed.
Boundary scattering reduces the thermal conductivity of Si and has been
well studied and understood in thin film Si. The Casimir limit refers to
the thermal conductivity under diffuse scattering of phonons at the bound-
aries [22]. In 2008, Boukai et al. [23] and Hochbaum [24] et al. showed that
3
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Figure 1.2: Theoretical cumulative contributions of electron and phonon
mean free path (MFP) to silicon electrical and thermal conductivity at 300
K. The result of phonon MFP is from first principle calculation [17] and
figure adopted from Ref. [20].
ZT > 0.6 under room temperature can be achieved by silicon nanowire. Af-
ter that solid crystalline NW especially with surface roughening has been
investigated in great detail though are not fully conclusive. We summarize
some representative thermal conductivity data of silicon nonowires in Fig. 1.3
[25, 26, 27, 20] and as a comparison, nanomesh data [28] is also shown. We
can see from the figure that Si nanowires with diameters less than 100 nm,
progressively deviate from the Casimir limit, these results are still debated
in the literature. The low thermal conductivity of porous silicon nanowire
(about 2 W/(m·K) at room temperature) is convincing, because porous sili-
con itself is known to have very low thermal conductivity and we will discuss
this in detail in Chapter 2. In our previous study, we also found that the
phonon drag effect was quenched in nanowire [20]. However we discovered
that Seebeck coefficient porous silicon nanowire was close to bulk value while
maintaining an ultra low thermal conductivity, which indicated that porous
silicon nanowire may have the potential of being good thermoelectric mate-
rial. The issue remains with poor charge transport (electrical resistivity is of
the order 104 Ω·cm and is 7 orders of magnitude larger than bulk value at
same doping) and that is the focus of the thesis.
We’ve previously demonstrated enhancement of electrical conductivity of
smooth nanowire [29], recently Boor et al. [30] showed that by post doping,
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Figure 1.3: Representative thermal conductivity data of nanowire or nano
structure silicon at room temperature.
electrical conductance of lightly doped porous silicon (6 × 1017 cm-3) was
improved. Here in the thesis we investigated the feasibility of enhancing
the electrical conductivity of degenerately doped porous silicon wire by post
doping and its thermoelectric properties afterwards.
1.3 Thesis structure
In Chapter 2, we first reviewed the up-to-date progress on the porous similar
structured silicon as thermoelectric material. In Section 2.2 we provide a
detailed review with emphasis on experimental work on study of thermal
transport phenomena in porous nano structures including both 2D and 3D
cases, such as holey silicon, inverse opal, porous silicon and etc. In Section
2.3 we discuss about the carrier transport properties in porous silicon.
In Chapter 3, we first discuss the porous nanowire fabrication including
the pore formation mechanism in Section 3.1. We introduce the technique
that simultaneously measures Seebeck coefficient and thermal conductivity
of porous silicon nanowires at frequency domain in Section 3.2. We also dis-
cuss electrical conductivity measurement by two-point probe at array scale
or four-point probe measurement of single nanowire in Section 3.3. By em-
ploying Raman spectroscopy we can extract information of nanowire such as
5
crystalline size and carrier concentration and this is discussed in detail in
Section 3.4.
In Chapter 4 we report the Seebeck coefficient of porous nanowire under
different doping conditions and temperature range from 30 K to 400 K. The
Seebeck data show clear characteristic of carrier diffusion contribution. For
those degenerately doped nanowire, we could extract the effective carrier con-
centration from a simple Mott formula interpretation, we further interpret
the data using more strict approach.
In Chapter 5 we report the thermal conductivity of porous nanowire with
different doping condition from 30 K to 400 K. We discuss different aspect-
s that may contribute to the reduction from both scattering and coherent
transport approach. The major challenge is to correctly model the scatter-
ing introduced by the randomly distributed pores. Effect of porosity is also
discussed by effective medium theory.
Chapter 6 summarizes our conclusion and future direction in develop-
ing practical porous silicon nanowire based efficient thermoelectric gener-
ators.
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CHAPTER 2
REVIEW OF LITERATURE
2.1 Porous silicon as thermoelectric material
Porous silicon has long been a material of interest for silicon based optoelec-
tronics mainly because of its photoluminescence property [31, 32, 33]. Its
potential for thermoelectric application arises from its low thermal conduc-
tivity which will be discussed in detail in following section. Thermoelectric
power i.e. Seebeck coefficient and DC electrical conductivity measurements
were first conducted on macro-porous silicon (pore size > 50 nm) by Mathur
et al. in 1998 [34] to investigate the transport properties in porous silicon.
Yamamoto et al. [35] evaluated the potential of porous silicon as a thermo-
electric material by performing in-plane measurements of a self-supporting
porous silicon film fabricated from degenerately doped substrate. The mea-
sured thermal conductivity was two orders of magnitude lower than the bulk
substrate while the electrical conductivity was 3∼ 5 orders lower. For sample
with 69% porosity they observed an increase in Seebeck coefficient and as a
result the overall figure of merit Z exceeded 10−4 K-1 which was higher than
the bulk value. However we have to point out that the Seebeck coefficient
depended on the measurement condition in Yamamotos experiment [35], in
another words the measured values were different at ambient and vacuum
condition.
The largest drawback in porous silicon as a thermoelectric material is the
ultralow electrical conductivity. Recent theory [36] and experiments [37, 28]
have focused on silicon with ordered pores such as holey Si [37] and nano-
mesh [28] where the ordering can help electron charge transport while reduc-
ing heat transport. From those results, thermal conductivity was reduced
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with decreasing critical dimension which was pitch of the pores and lowest
value experimentally achieved was lower than 2 W/(m·K) at room temper-
ature [37, 28] ; they also reported that the electrical properties were either
preserved [37, 28] or lowered by 2∼4X [36] while S remained close to bulk
value [36]. Overall, ZT up to 0.4 at room temperature was achieved [37].
Boor et al. did a detailed study on thermoelectric properties of porous sili-
con membrane (70 ∼90 µm thick and size of about 0.25 cm2) fabricated from
low doped silicon (∼ 6× 1017 cm-3). By post-doping process they were able
to improve the electrical conductance compared with the as-etched porous
silicon. The effective thermal conductivity of sample with 0.6 porosity was
about 7.6 W/(m·K) at room temperature. Through a direct transient Har-
man technique they showed a ZT > 0.02 for p-type porous silicon which
exceeded that of bulk silicon at optimal doping concentration (∼ 1.9× 1019
cm-3).
2.2 Thermal transport in porous silicon
2.2.1 Thermal transport study in ordered porous Si
Porous silicon has been investigated as a potential thermoelectric materi-
al due to its low thermal conductivity. However its electrical conductivity
was also drastically reduced. Previous theory and experiments have focused
on ordered pores or so-called holey Si where the ordering can help electron
charge transport while reducing heat transport.
Song and Chen [38] did the first experimental work on in plane thermal
conductivity measurement of a free-standing single crystal silicon film with
periodically arranged through holes. The freestanding membranes were fab-
ricated from silicon-on-insulator (SOI) wafer with ∼4.5 µm thick low-doped
n-type device layer, then round through pores with nominal diameter of
2 µm or 10 µm which were arranged aligned or staggered rows were etched
by DRIE. Song et al. applied steady-state Volklein technique to measure the
in plane thermal conductivity [38]. Heater and thermometer were placed at
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each end of the free-standing membrane, the film thermal conductivity was
extracted based on the temperature difference measured and estimation of
heat flux which required knowledge of thermal conductivities of other ma-
terials in the heat flow path. They discovered strong size effect that all the
porous films had thermal conductivity lower than predicted by porosity and
bulk silicon mean free path, and film with smaller pore spacing had smaller
effective thermal conductivity. The reduction of thermal conductivity was
insensitive to pore arrangement. For porous film of 0.26 porosity with pore
diameter 2.3 µm and spacing 4 µm (center to center), the effective thermal
conductivity was about 44 W/(m·K) at room temperature.
Later in 2010, Yu et al. [28] reported in-plane thermal conductivity of
nanomesh fabricated by superlattice nanowire pattern transfer (SNAP) tech-
nique from SOI wafer. Nanomesh had thickness about 20 nm and pore di-
ameter 11 or 16 nm, in both cases the center to center pitch was 34 nm. Yu
et al. employed a suspended heating and sensing platform developed by Shi
et al. [39]. The measured thermal conductivity at room temperature went
down to 1.9 W/(m·K). They also observed that the bulk like electrical con-
ductivity was preserved in the high doping range. In the same year, Tang et
al. [37] measured thermal conductivity of holey silicon using the same tech-
nique. Holey silicon with hole pitches 350, 140 and 55 nm was prepared by
either nanosphere lithography or block copolymer lithography [37], porosity
of those samples was about 35%. For 55 nm pitch holey silicon, room tem-
perature thermal conductivity down to 1.14∼2.03 W/(m·K) was reported.
Hopkins et al. [40] fabricated another type of ordered porous silicon struc-
ture namely phonoic crystal which had thickness 500 nm and pore spacing
of several hundreds of nanometers. The phononic crystals measured in the
paper had porosity 0.19, 0.25 and 0.28.They measured the room temperature
thermal conductivity of phononic crystals by time-domain thermalreflectance
(TDTR) technique, a minimum value 4.81± 1.0 W/(m·K) was obtained for
sample with 400 nm hole diameter, 700 nm center to center spacing and 0.25
porosity. Marconnet et al. [41] fabricated a similar periodically porous sili-
con beam which was named nano-bridge or nano-ladder. Those nano-bridges
with dimensions 570 nm width and 18.8 µm length had 24 pores spaced by
385 nm, diameters of which were 110 nm, 210 nm and 280 nm. They mea-
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sured thermal conductivity of those ladders to be 54, 3.7 and 3.4 W/(m·K)
with 1D heat transfer assumption. The limiting dimension here was the dis-
tance between pore edge and hence the the structure with largest pore had
smallest limiting dimension.
Besides those in-plane measurement on two-dimensional or two-dimensional
like material discussed above, researchers have also studied cross-plane ther-
mal conductivity of three-dimensional ordered porous structures. Fang et
al. measured the cross-plane thermal conductivity of ordered mesoporous
nanocrysalline silicon thin film between 25 K and 315 K using 3ω method [42].
The thin silicon films were fabricated by evaporation-induced self-assembly
of mesoporous silicon followed by magnesium reduction [42] . They had quite
unform periodic ordering of pores with average crystalline size ∼13 nm and
25 ∼ 35% porosity characterized by X-ray diffraction (XRD). Film thick-
ness ranged from 140∼340 nm. The effective thermal conductivities at room
temperature were between 0.23± 0.02 W/(m·K) and 0.37± 0.03 W/(m·K).
Another 3D periodic silicon structure was fabricated and characterized in
the form of inverse opals by Ma et al. [43]. Amorphous silicon was deposited
by CVD into the opal template comprised of silica spheres and recrystallized
to produce polysilicon. Then BOE etched away the silica template and left
with inverse opal structure. The result periodicities and shell thicknesses
were 420 ∼ 900 nm and 18 ∼ 38 nm by SEM and XRD. They also measured
the cross-plane thermal conductivity by 3ω method from 30∼400 K and ob-
served effective thermal conductivity as low as about 0.6 ∼ 1.4 W/(m·K).
Apart from experimental work, people also modeled thermal transport
process in ordered porous structures. For example, molecular dynamic sim-
ulation [44, 36, 45], Monte-Carlo simulation [46, 47]. Atomistic simulations
provided more insight into the role of various phonon scattering mechanism-
s, particularly surface scattering while the Monte-Carlo simulation revisited
the Boltzmann transport simulations while considering frequency dependent
scattering rates. We will discuss some of the theoretical approach in detail
in Chapter 5 when explaining our thermal conductivity data.
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2.2.2 Thermal transport in nano/mesoporous Si
Porous silicon is one of the most studied meso-porous nanoporous structure.
It is usually fabricated by electrochemical etching in aqueous or ethanoic HF
solution [48, 49]. According to IUPAC’s guideline [50], the morphology of
porous silicon is generally classified by pore size and meso-porous is defined
for pore dimension ranging from 2 to 50 nm [32]. Lysenko et al. [51] pro-
posed a categorization that is based on the crystalline size: nanoporous (1∼5
nm crystallites), meso-porous (5∼100 nm crystallites) and macro-porous
(100∼1000 nm) . In this section, we present an overview of thermal con-
ductivity in porous silicon to serve as a limiting case for periodically holey
structures that are essentially porous structures with ordered pores.
Table 2.1: Selected literature values of room temperature thermal
conductivity data of nano/meso-porous silicon.
Reference k
W/(m·K)
@300K
Porosity Nano-
crystalline
size
Measurement
technique
Lang 1994 [52] 1.2∼1.8,
2.7 (meso-
porous)
0.4, 0.53
0.45
3 nm or 10
nm
heater sensor
phase
difference
Gesele 1997
[53]
down to
0.03
0.64∼0.89 1.7∼ 9.0 nm 3ω
Benedetto
1997 [54]
2.5, 3.9,
31.2
0.6, 0.5,
0.4
n.a. photo-
acoustic
Bernini 1999
[55]
1.2, 3.5 0.57, 0.42 n.a. thermal wave
interferometry
Lysenko 1999
[56]
0.3 ∼ 4.6 0.73, 0.62,
0.38
4.0, 7.2 and
8.3 nm
micro-Raman
Yamamoto
1999 [35]
< 1 0.69 ∼
0.85
n.a. AC
calorimetry
Continued on next page
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Table 2.1 – Continued from previous page
Reference k
W/(m·K)
@300K
Porosity Nano-
crystalline
size
Measurement
technique
Lysenko 2000
[57]
0.5, 1.9 n.a nanoporous
mesoporous
scanning
probe
microscopy
Pe´richon 2000
[58]
0.3, 0.7 0.7, 0.5 n.a. micro-Raman
Bernini 2001
[59]
0.15 0.61 n.a. optical
pump-probe
Shen 2003 [60] 0.2 0.2 ∼ 0.6 0.6 photo-
acoustic
Lettieri 2005
[61]
0.29, 1.03,
2.93
0.72, 0.57,
0.40
n.a. photo-
acoustic
Wolf 2006 [62] 2.3 0.662 n.a. lock-in
thermography
Gome`s [63] 1.7, 2.8,
3.8
0.8, 0.54,
0.3
10 ∼ 20 nm scanning
thermal
microscopy
Srinivasan
2007 [64]
2.93 ∼
8.31
0.45 ∼
0.64
∼6 nm photo-
acoustic
Boor 2011 [30] 3.3 ∼ 24 0.17 ∼
0.66
7.2 nm∼
114 nm
3ω
Weisse 2012
[65]
∼ 1 n.a. n.a. nanosecond
TTR
Valalaki 2013
[66]
∼0.2 0.6 n.a. DC method
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The first reported value of thermal conductivity for porous silicon at room
temperature is 1.2 W/(m·K) [52] for nano-porous silicon (40% porosity). In
the same work, the thermal conductivity of as-prepared meso-porous sili-
con (45% porosity) was measured to be 80 W/(m·K) which dropped to 2.7
W/(m·K) upon oxidation at 300 ◦C. Temperature dependent measurements
in the range of 35∼320 K using the 3ω method were first reported by Gesele
et al. [53] The thermal conductivities of all the investigated samples in-
creased with increasing temperature, and were less than 1 W/(m·K) at room
temperature. A minimum value of 0.03 W/(m·K) was reported for p-type
porous silicon with 89% porosity and 4.5±0.6 nm crystallite size. Besides the
techniques mentioned above, researchers have adopted a variety of methods,
such as photo-acoustic measurements [54], thermal wave interferometry [55],
micro-Raman scattering [56], optical pump-probe method [59], and scanning
probe microscopy [57]. A detailed list of porous silicon thermal conductivity
data till date is summarized in Table 2.1.
The ultra-low thermal conductivity in nano/meso-porous silicon is main-
ly attributed to strong phonon confinement and scattering at the crystal-
lite boundary. Further, porosity also plays an important role in reducing
the effective thermal conductivity, which can be explained by various effec-
tive medium theories. Theoretical approaches to model phonon transport
in porous silicon include, for example, solution of the BTE by the discrete
ordinate method [67], 3D Monte-Carlo simulations [68], molecular dynam-
ic simulation [36, 44] and a combination of analytical and phonon-tracking
methods [69]. It remains a challenge to clearly understand thermal transport
in a non-periodic porous structure and this is our major work in Chapter 5.
2.3 Electrical transport in porous silicon
Electrical conductivity os porous silicon is very low and this was simply at-
tributed to the substantially deteriorated electronic structure [36]. Electron
transport in such a s disordered system with possible quantum confinement
is a complicated and yet not fully understood process. The basic electron
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transport path is usually considered to be through the solid crystal network,
other than that there are many other suggested transport paths and mecha-
nisms, to name a few, diffusion or tunneling between the Si crystal or on its
surface; transport from surrounding the nanocrystals and varieties of hop-
ping transport [33]. It was also reported that due to the large surface area,
the electrical properties are sensitive to environment [33, 49].
The nominal division between macro-porous mesoporous and micro-porous
cannot distinguish the electrical property variation [49]. The critical size
should be the dimension of nano-crystalline, which is not directly related to
the pore size or average porosity. It was suggested that the porous silicon
can be separated into two groups by the existence of quantum confinement
effect [49].
For porous silicon which does not show quantum confinement , the sample
with 40∼50 % porosity had room temperature resistivity similar to that of in-
trinsic silicon although those samples were fabricated from highly doped sub-
strate. On the other hand, porous silicon which has nano-crystalline shows
quantum confinement and the resistivity of those nanocrystalline porous sil-
icon ranges from 1010 to 1012 Ω·cm. The loss the free carriers was mainly
attributed to compensation by surface states whose trap density was in the
range of 1019 cm-3 [49]. Trapping may also due to the binding energy of
dopant impurities are increased [33]. Through a study of acceptor depletion
[70], the dopant was preserved after preparation process however they were
in a neutral state, which agrees with our SIMS measurement of nanowire.
The widening of bandgap induced by quantum confinement also reduces the
thermal generation of free carriers [33].
Electrical measurement shows that porous silicon has distinct DC and AC
conductivity. Many previous studies reported that the DC conductivity had
an activation behaviour [33, 49] as described below
σ(T ) = σ0 exp(
−EA
kBT
) (2.1)
14
where EA ' 0.5 eV is the activation energy which is about half of the bandgap
extracted from luminescence measurement and comparable to that of intrin-
sic silicon [33, 49]; pre-factor σ0 is a constant and varies for different samples.
In porous silicon with quantum confinement, below 200 K the electrical con-
ductivity is almost temperature independent [71]. The activation behaviour
indicates that there are other mechanisms besides quantum confinement:
disordered crystalline skeleton not only imposes geometrical effects on the
electron transport but also localize the free carriers [33]. As a result the
measured activation energy can be related to either the activation of carriers
over mobility edge or carrier hopping energy barrier [33]. Lubianiker et al.
[72] found that the activation energy EA and pre-factor σ0 followed Meyer-
Neldel rule (MN) ln(σ0) = σMN + EA/EMN where constants σMN and EMN
are signature of a specific transport mechanism. They observed two Meyer-
Neldel rules for the porous silicon DC conductivity, which may correspond to
two possible transport mechanisms: extended state transport and thermally
activated band-tail hopping [72].
Though not attempted in our measurement, it would be useful to discuss
the AC conductivity of porous silicon. Bisi et al. [33] pointed out that the AC
conductivity probed the local conductivity of porous silicon and can possibly
reveal the electron transport mechanism in porous silicon. Several groups
carried detailed study on investigation of AC conductivity of porous silicon
[71, 73] which was a function of frequency as well as temperature. For fre-
quency response, the real part of AC conductivity has a frequency dependent
signature of σ(f) ∝ fn, where n varies at different frequency range and the
cross-over frequency also depends on temperature. For frequency below the
low temperature cross over point f0 (<1 Hz), n = 0 i.e. AC conductivity
equals DC electrical conductivity; At high frequencies, n ∼ 0.95±0.05 and is
almost temperature independent which may suggest a finite density of states
at the Fermi level [49]. The crossover frequency f1 increases with increasing
temperature, at around room temperature f0 ∼ 10000 Hz; For frequency in
between f0 and f1, n ' 0.3 ∼ 0.5 [49].
AC electrical conductivity of porous silicon also has an activation be-
haviour. We adopted the figure from Ref. [71, 33] as shown in Fig. 2.1.
At above 200 K, DC conductivity is activated while AC conductivity is acti-
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Figure 2.1: Electrical conductivities of porous silicon as a function of
inverse temperatures at different frequencies. Figure adopted from [71]
vated at higher temperature and at high frequency (>> 10000 Hz) activation
disappears. At low temperature, AC conductivity is saturated. The temper-
ature independent high frequency electrical conductivity was regarded in Ref.
[71] as a typical behaviour of hopping transport in the vicinity of Fermi level.
However Francia et al. suggested that surface states transport also exists in
addition to hopping and the transport was a double-channel process [74].
Three types of mobility which are conductivity mobility, drift mobility and
Hall mobility have been measured [49]. Here we mainly focus the drift mobil-
ity. The drift mobility was investigated by steady-state photocarrier grating
(SSPG) technique [75] or time-of flight (TOF) technique [76, 77]. Transient
current [75, 76, 77] or transient voltage drop [76] was measured to estimate
the transport parameters. Although samples tested in Ref. [76, 77] were
made from boron doped p-type silicon, both holes and electrons are carriers.
The transport of carriers are dispersive which means mobilities have a power
law decay with time or length-scale [76, 77]. A spread of drift mobility values
have been reported, usually on the order of 10−3 cm2/V s [49, 76] or < 10−4
cm2/V s [49, 77]. There are not clear difference between quantum confined or
not confined samples [49]. The reason for the reduction in mobility is debat-
ing. In porous silicon, thermally activated electrons/holes move in extended
states are disturbed greatly by multiple trapping with the surface states and
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causing a reduction in mobility. Others suggested that the disordered struc-
ture geometry i.e. transport path may be the main reason that limiting the
mobility [76, 77].
The drift mobility increase with increasing temperature which is a char-
acteristic of ionized impurity scattering. Rao et al. demonstrated this phe-
nomenon in their measurement [77]. We conducted two-point probe mea-
surement on as-etched porous silicon nanowire arrays from 220 K to 400K
and extracted the mobility by assuming carrier concentration same as the
substrate value. The mobility temperature trend agrees with that in Ref.
[77] and will be discussed in detail in Chapter 4.
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CHAPTER 3
SAMPLE FABRICATION AND
CHARACTERIZATION TECHNIQUE
3.1 Porous nanowire fabrication and post-doping
3.1.1 Porous silicon nanowire fabrication
Metal assisted chemical etching (MACE) [48, 78] is a cost-effective electroless
method to fabricate silicon nanowire on large scale silicon wafer. A typical
etchant is combination of acid (normally HF) and oxidative agent (usually
H2O2). Huang et al. summarized this etching process as a five-step picture
[78]. When silicon wafers covered with noble metal (in our case, Au) of spe-
cific pattern is subjected to the etchant, because of the catalytic effect of
the noble metal, the oxidant is preferably reduced at the silicon/noble metal
interface and generates large amount of holes, and silicon is oxidized by the
holes and then etched away by HF. The silicon underneath the noble metal
etches much faster than the area without metal coverage due to the high hole
concentration. Studies have shown that MACE on degenerately doped sili-
con (doping concentration larger than 1018 cm-3) normally produces porous
nanostructures for both p-type [79] and n-type silicon [80]. Possible reasons
of pore formation may originate from the diffusion of holes to the off-metal
area [79] and Hochbaum et al. [81] suggested that the hole injection may be
favored in highly doped silicon due to the less band bending at the Si/etchant
interface and therefore more holes are available for diffusion to the off-metal
region.
This MACE process is highly anisotropic and thus we need a gold mesh
template to form nanowire structure with certain diameter. This template
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Figure 3.1: (a) Tilted view of silicon nanowire array by SEM, from the
image we can clearly see the pores (scale bar 300 nm). (b) TEM image of a
porous wire (scale bar 10 nm).
fabrication can be done in many ways [78], like photolithography, nanosphere
lithography [82, 83] and etc. Here we utilized a thermal annealing dewetting
method [84] to generate the Au pattern. First we deposited a thin Ag film
on a clean silicon wafer and annealed the silver film subsequently at 350 ◦C
for 5∼6 hours under 3×10−7 Torr pressure. This annealing process dewetted
the Ag film to form particles whose size is determined by Ag film thickness,
deposition rate, annealing temperature and time. In our silicon nanowire
fabrication, with 22∼23 nm Ag film deposited at 1 A˚/s and the anneal con-
dition mentioned above, we obtained Ag particles with diameter 80∼150 nm
and area coverage 32% ∼ 42%. Then we deposited 10∼11 nm Au at 0.5
A˚/s rate and did silver lift-off to obtain an Au mesh. To fabricate silicon
nanowires with controlled pore size distribution, we varied the volumetric
ratio of HF:H2O2 etching time and temperature [85]. For porous nanowires
studied in this paper, we started with p+ silicon wafer (0.001 ∼0.005 Ω·cm)
and used HF: H2O2 =30:1 as etchant under room temperature. The etching
rate was roughly 1 µm/min. Figure 3.1 shows the SEM and TEM image of
the porous wire.
3.1.2 Post-doping process
We used solid source diffusion of dopants in an ex situ manner to make
nanowires more conductive [86, 87] and we have successfully demonstrated
enhanced electrical conductivity in the silicon nanowire initially etched from
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Figure 3.2: TEM images of as-etched nanowire and post-doped nanowire.
We can tell that the porous nanowire remained crystalline after being
post-doped.
low-doped silicon substrate [29] by using spin-on dopant (SOD). We spin-
coated the nanowire by SOD (Borofilm 100 from EMULSITONE CHEMI-
CALS, LLC.) at 3000 rpm for 30 sec, about 30 sec dwelt time before spinning
was enough to completely wet the nanowire surface. The spinning speed and
time can be tuned according to the length of nanowires. After baking the
sample at 270 ◦C for 15 min, we annealed the sample at a chosen temper-
ature and time to activate the boron and this is called pre-deposition. By
choosing the doping temperature and time we can control the doping concen-
tration and uniformity. Borosilicate glass was formed during this procedure
and it was removed by BOE etching. The final step was a drive-in process
at a higher temperature. We did not use a thin oxide barrier layer as in the
low-doped nanowire case [29] since the porous structure may be damaged in
the oxidation and etching process. The post-doped porous silicon nanowire
remained crystalline and this was verified by TEM.
The p+ wafer had resistivity value 0.001∼0.005 Ω·cm which corresponds to
a boron doping concentration of about and was later confirmed by SIMS. As
a result, in order to achieve higher doping concentration we should carry the
post-doping process at above 800 ◦C based on the boron solubility in silicon
[88, 89]. Our silicon nanowire normally has celery like cross section due to the
randomness in dewetting process and it is challenging to accurately model the
diffusion profile. However we can always estimate the temperature and time
required for targeted doping concentration by solving the diffusion equation
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Figure 3.3: Top view SEM of porous silicon nanowire after annealing at
1000 ◦C. It is possible that most part of the nanowire becomes borosilicate
and later removed by BOE.
in a radial system. The dopant concentration on nanowire surface is fixed to
the solubility limit Nsl at doping temperature and the radius r0 can be taken
as the critical size in the celery cross section (half of the minor axis). The
time dependent concentration N(r, t) in the nanowire cross section is then
described by [90]
N(r, t)
Nsl
= 1− 2
∞∑
k=1
J0[λk (r/r0)]
λkJ1(λk)
exp
(
−Dλ
2
k
r20
t
)
(3.1)
where D is dopant diffusivity in silicon at temperature T , is the kth zero of
the Bessel function J0. We found the pre-deposition of dopant at 950
◦C
over 15 min yields uniform doping concentrations across the cross section of
a nanowire [29].
What would be the upper limit for pre-deposition temperature? We first
tried 1000 ◦C and most of the silicon surface was no longer covered by
nanowire as shown in Fig. 3.3. Possible reason was that at this tempera-
ture most of the nanowires became borosilicate glass and were later removed
by BOE. After lowering the activation temperature to 950 ◦C, the nanowire
sample survived after the post-doping process. So we have chosen the pre-
deposition temperature range to be 800 ∼950 ◦C at a 50 ◦C step.
To verify that this post-doping procedure introduced more boron atoms
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Figure 3.4: Frequency domain Seebeck coefficient and thermal conductivity
measurement platform.We show the measured signal in the top view.
to the degenerately doped porous wire, we characterized the doping concen-
tration by secondary ion mass spectroscopy (SIMS). In SIMS measurement,
a primary ion beam (Cs+ for n-type and O–2 for p-type) was used to etch
the sample and for depth profiling, the sputtered ions from the sample were
collected and counted. We also measured another standard ion-implanted
sample with known dose to extract the relative scaling factor (RSF) for the
dopant species. The etching depth was obtain by profilometry measuremen-
t.
3.2 Seebeck coefficient and thermal conductivity
measurement
3.2.1 Measurement principle and data reduction
To measure the crossplane Seebeck coefficient and thermal conductivity of
silicon nanowire, we employed and improved a frequency domain measure-
ment based on the 3ω technique [91] which was previously applied by Yang
et al. [92] in characterizing the thermoelectric properties of SiGe superlattice
at room temperature. The platform is illustrated in Fig. 3.4.
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Figure 3.5: Representative plot of measured ∆T2ω and V2ω as a function of
frequency.
By sending sinusoidal current of frequency ω through the external Au
heater, we set up a temperature field across the structure caused by. In ad-
dition to the DC component, the heat is generated at frequency 2ω. The
corresponding temperature rise of the heater with amplitude ∆T also oscil-
lates at frequency 2ω but usually out of phase by a frequency dependent angle
φ(ω). ∆T2ω consists of temperature drop at insulation layer ∆T2ω,ins, NW
layer ∆T2ω,NW and substrate ∆T2ω,sub. The voltage drop across heater line
has both 1ω and 3ω portion which can be used to extract the temperature
increase ∆T2ω as shown in Eq. 3.2 [91]
∆T2ω = ∆T2ω,NW + ∆T2ω,ins + ∆T2ω,sub = 2
1
dR/dT
R0
V3ω
V1ω
(3.2)
where dR/dT is obtained from the heater resistance-temperature calibra-
tion, R0 is the resistance of heater at measurement temperature. Since the
Seebeck voltage follows the temperature field, the open circuit voltage at 2ω
frequency measured between the two metallic pads as shown in Fig. 3.4 is the
corresponding Seebeck voltage V2ω. Again it has contribution from nanowire
array and substrate as described in Eq. 3.3
V2ω = V2ω,NW + V2ω,sub = SNW∆T2ω,NW + Ssub∆T2ω,sub (3.3)
A representative plot ∆T2ω and V2ω as a function of measurement frequency
is illustrated in Fig. 3.5.
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Figure 3.6: Representative plot of measured ∆T2ω/q
′′ and V2ω/q′′ as a
function of frequency for both the NW sample and reference sample.
In order to extract the properties of nanowire layer we need to subtrac-
t the contribution from insulation layer and substrate. This is achieved by
conducting a differential measurement on a reference sample which is the sub-
strate with same insulation layer. Considering the difference in the amount of
heat put into the system, we normalize the temperature increase and Seebeck
voltage by power density, as illustrated in Fig. 3.6 and as a result the tem-
perature the corresponding voltage drop across the NW layer are described
in Eq. 3.4
∆TNW = q
′′
h,NW ×
(
∆Th,NW
q′′h,NW
− ∆Th,REF
q′′h,REF
)
∆VNW = q
′′
h,NW ×
(
VNW
q′′h,NW
− VREF
q′′h,REF
)
(3.4)
here the subscript h stands for heater and 2ω is not shown for simplicity.
VNW is the total Seebeck Voltage measured for NW sample.
Thus we obtain the Seebeck coefficient of nanowire array by
SNW = ∆VNW/∆TNW (3.5)
We can also calculate the nanowire/SOG composite thermal conductivi-
ty as kcomp = q × tNW/ (∆TNW × wL) where q is the power generation of
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nanowire sample heater, tNW is the length of nanowire, w is the width and L
is the length of the heater. By applying effective medium theory, we further
extract the thermal conductivity of nanowire as [kcomp−(1−x)kSOG]/x where
kSOG is the thermal conductivity of SOG and x is the nanowire area cover-
age. At room temperature SOG has thermal conductivity of ∼0.3 W/(m·K)
[93, 94, 95] and this is also verified by our own measurement. For highly
thermal conductive nanowire the SOG contribution in trivial however for
nanowire with low thermal conductivity such as porous nanowire, accurate
values of SOG thermal conductivity is required. We have obtained ther-
mal conductivity of SOG (Filmtronicsr 500F) from 15 K to 405 K using 3ω
method and this will be discussed in detail in Chapter 5.
Key assumption in differential method is that heat conducts one dimen-
sionally across all the layers under the heater and the substrate contribution
remains the same in both NW and Ref samples with same energy density
input. Thermal penetration depth Lp =
√
2α/ω (α is the thermal diffusivity
of the material and note that here ω is angular frequency) represents the
distance thermal wave travels in the heat oscillation period. We can see from
Fig. 3.6 that at higher frequency (lager than 3000 Hz in this case) the signal
from nanowire sample no longer change linearly with the logarithm of the
heating current frequency, this is because now the heat wave no longer reach-
es substrate and hence differential method is not applicable at this frequency
range. Similarly for highly diffusive media especially at low temperature,
in low frequency range heat wave penetration depth can be larger than the
sample thickness or the length of heater and thus differential method fails.
Corrections in case of finite heating element were discussed in detail in Ref.
[20]
The substrate thermal conductivity can be extracted using a simple slope
method [91] as in Eq. 3.6 (when thermal wave diffusion length does not ex-
ceeds the heater length and substrate thickness) or by fitting the temperature
response based on a thermal model considering the finite heater effect which
was developed by J. Sadhu [20]. Seebeck coefficient of substrate can also be
extracted by the slope method as dV2ω/d∆T2ω.
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ksub =
P
2piL
(
d(∆T2ω)
d(ln(2ω))
)−1
(3.6)
here the ∆T2ω is the total temperature increase of the heater line.
One large limitation and error source for this 3ω based technique is metal
heater resistance-temperature calibration especially at temperature below 30
K. We tried to make the heater R-T calibration consistent by annealing the
heater inside the cryostat under vacuum at temperature higher than mea-
surement upper limit and a pulse heating [96]. To better solve this problem,
at each measurement temperature we measured the resistance of heater right
after V3ω and V2ω signal acquisition, this real-time calibration would represent
the actual heater response more accurately. For a full temperature measure-
ment we fit the calibration curve by Bloch-Gru¨neisen relations as shown in
Eq. 3.7
R(T ) = R0 + A
(
T
ΘR
)5 ∫ ΘR/T
0
x5
(ex − 1)(1− e−x)dx (3.7)
where R0 is the residual resistance due to defect scattering, A is a constant
which depends on the velocity of electrons at the Fermi surface, for Au in our
experiment we use A = 4.225, ΘR is Debye temperature. A typical Bloch-
Gru¨neisen fitting of our experimental calibration is shown in Fig. 3.7. We see
that for temperatures below 30 K, R-T curve is flat and the corresponding
dR/dT changes rapidly and loose its sensitivity. Temperature rise calculated
from Eq. 3.2 can be abnormally large and as a result the extracted thermal
conductivity may have large error.
3.2.2 Error analysis in differential measurement
We measured all the frequency dependent voltage by SR830 lock-in amplifier
and error from the instrument is negligible. In differential measurement, as
described in previous section, thermal conductivity is calculated as in Eq.
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Figure 3.7: (a)Bloch-Gru¨neisen fitting of a calibration curve.(b)dR/dT
extracted for each measurement temperature by fitted curve.
3.8.
kNW =
kcomp − (1− x)kSOG
x
=
tNW q
′′/∆TNW − (1− x)kSOG
x
(3.8)
There are tree major error sources: nanowire geometrical error i.e. wire
effective conducting length tNW and area coverage x; temperature drop nor-
malized by power density ∆TNW/q
′′. The overall error in nanowire thermal
conductivity can be expressed as Eq. 3.9
δkNW
kNW
=
√(
δ(∆TNW/q′′)
∆TNW/q′′
)2
+
(
δ(x)
x
)2
+
(
δ(tNW )
tNW
)2
(3.9)
For length and area coverage, as discussed in [20], through extensive SEM
study, uncertainty in area coverage δ(x)/x to be 20% and uncertainty in
conducting length δ(tNW )/tNW to be 10% at different locations would be
reasonable.For simplicity we use ∆T˜ = ∆T/q′′ and the uncertainty in nor-
malized temperature drop is
δ(∆T˜NW )
∆T˜NW
=
√√√√[(∆T˜h,NW
∆T˜NW
)(
δα
α
)
h,NW
]2
+
[(
∆T˜h,REF
∆T˜NW
)(
δα
α
)
h,REF
]2
(3.10)
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where α = dR/dT . We assume both Nanowire sample heater and reference
sample heater calibration should have similar uncertainty and the value is
taken to be about 5% [97].
The uncertainty in Seebeck coefficient measured by differential measure-
ment mainly comes from the temperature measurement, as a result
δ(SNW )
SNW
∼= δ(∆T˜NW )
∆T˜NW
(3.11)
3.2.3 Seebeck measurement platform fabrication
Here in this section we briefly described the Seebeck measurement platform
fabrication procedures after the post-doping process is finished. The first
and crucial step here is SOG (spin-on glass) fill of nanowire array. We were
using SOG 500F manufactured by Filmtronicsr. SOG was stored in refrig-
erator since it degraded quickly in ambient temperature (1 month shelf life
compared with 6 months at 4 ◦C in refrigerator). However it should be accli-
mated at room temperature for 24 hours before applied. We first dehydrated
the nanowire sample at 110 ◦C hot plate for 1∼2 minutes and then applied
several drops of SOG onto nanowire. In order to obtained relatively uniform
filling, we did 3-step spinning: first 5 sec at 500 rpm, then 10 sec at 1000
rpm and a finally at 5000 rpm for 20 sec. The spin rate can be adjusted
based on the nanowire length. We then bake the filled sample sequentially
on 80 ◦C, 110 ◦C and 270 ◦C hot plate for 1 min each. Then the sample was
cured in furnace tube at 350 ◦C (or 425 ◦C suggested by the company) in
N2 atmosphere. We then etched SOG to the top of nanowire by Freon RIE.
The overfileed length was characterized by cross section SEM. The etching
recipe was 30 sccm CF4, throttle pressure 35 mTorr and 100 W power. We
calibrated the etching rate bo be about 55 nm/sec. Both CF4 and CHF3
etched SOG, however during etching CHF3 deposited more polymer [98, 96]
and contaminated the sample and as a result CF4 was the primary choice.
Silicon nanowire array with SOG overfilled and tip exposed are both shown
in Fig. 3.8.
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After SOG fill, we deposited the first electrical insulation layer which was
55 nm PECVD nitride and ∼260 nm PECVD oxide for Seebeck contact pad-
s. The purpose of bilayer insulation was to avoid through pin holes. The
insulation layer was first patterned using the heater mask and etched by CF4
for 11 min to a depth of about 220 nm. Then the Seebeck contact pads were
defined by 2nd lithography and we exposed about 150∼200 nm NW tip by
another 6 min Freon RIE etching (3 min for the remaining oxide/nitride and
3 min for SOG). By applying this 2-step patterning, we can avoid contamina-
tion from photoresist, which was very crucial to form good electrical contact
and key to the success of the measurement. We deposited about 220 nm Ni
and 80 nm Au as contact metal. Nickel was widely used as contact metal
to silicon nanowires based on many previous studies [99] and Au here was
to protect the Ni surface from being oxidized as well as beneficial to wire
bonding. Palladium was also tested however its adhesion to gold wire was
not strong. The metal contact was later annealed to form silicide. We did
rapid thermal anneal (RTA) at 320 ◦C for 3∼5 min and tuned this recipe
based on others study [99, 100, 101].
We then deposited ∼ 55 nm PECVD nitride and ∼ 250 nm PECVD ox-
ide as 2nd electrical insulation layer for metal heater. It would be better to
deposit insulation layer for reference sample at the same time to avoid the
inconsistence of PECVD systems. A 150 nm thick gold heater with 30 µm in
width and 600 µm in length was deposited right above the portion of Seebeck
voltage pad which was in contact with nanowire. Finally we expose the con-
tact pads by etching for about 13∼15 min in Freon RIE. We over-etched for
about 1∼2 min for a clean gold surface since CF4 etched gold slowly [102],
however too long over-etching may introduce polymer contamination [103]
and should be taken into consideration. Finally we packaged the sample to
a chip holder by wire bonding and mounted it into cryostat for measuremen-
t.
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Figure 3.8: (a) Silicon nanowire array with about 549 nm SOG overfilled.
(2) After Freon RIE etching, roughly 100 nm tips are exposed.
Figure 3.9: Illustration of Seebeck measurement platform fabrication
steps.(a)Nanowire array was filled with SOG and etched to the nanowire
top. (b) first insulation layer was deposited and patterned. After exposing
about 150 nm NW tip, contact metal was ready to be deposited. (c)contact
pad and 2nd insulation layer are deposited. (d) Metal heater is deposited.
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3.3 Nanowire electrical conductivity measurement
3.3.1 Two-point probe electrical measurement on nanowire
array
To begin with, we studied the electrical conductance of a silicon nanowire
array by two-point probe (2pp) measurement between isolated top contacts.
In order to make metal contact to the nanowire, we first filled the silicon
nanowire sample with spin-on-glass (SOG) and then etched the overfilled
SOG by Freon RIE till we exposed 150∼200 nm nanowire tip. The detailed
procedure was discussed in Section 3.2.3. Based on the same consideration,
we avoided using photoresist to do the contact pads patterning, instead a
shadow mask was directly used. The contact metals were Ni and Au. Af-
ter annealing the contact, we conducted two-point probe I-V test by probe
station.
3.3.2 Four-point probe electrical measurement of single
wire
Electrical resistivity of nanowire can be bettered estimated from four-point
probe measurement on single silicon nanowire. We tried to do transmission
line measurement (TLM) [104, 105] on silicon nanowire array by varying the
contact pad size and distance, however the resistance values showed no clear
relation with either the distance between pads or the size of the pads. This
may be attributed to large contact resistances.
We first scraped the silicon nanowire from the substrate with a razor blade
and then sonicated in IPA to make a nanowire suspension. Then we dispersed
nanowires onto a cleaned silicon substrate. The substrate was covered with
300 nm PECVD nitride or thermal oxide and Au landmarks used to locate the
silicon nanowire were patterned by E-beam lithography. Silicon nanowires
adhered to the substrate very well via Van de Waals forces and could not be
removed by an IPA wash or N2 gun. We searched for nanowires under an
SEM and took an image of a wire together with two landmarks, by mapping
this SEM image to the original pattern file which was used to define the
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Figure 3.10: SEM image of a single wire electrical conductivity
measurement platfrom
landmarks, we managed to locate the nanowire. Before E-beam lithography,
we passivated the nanowire surface with ∼20 nm PECVD oxide. The pas-
sivation is critical for two reasons: first, surface passivation can reduce the
interface trapped states density which we will discuss shortly [106]; second,
this thin oxide layer protect the nanowire surface from being contaminated
by PMMA. We then defined the four electrodes by another E-beam lithog-
raphy. Before metallization, we cleaned the contact area by O2 Plasma and
then etched away the passivation layer and native oxide. The metal contact
pads were 130 nm Ni and 20 nm Au. The contact pads were annealed under
the condition discussed in Section 3.3.1. A SEM image of four-point probe
platform and representative I-V curve when ohmic contact was achieved are
shown in Fig. 3.10.
With resistance extracted from the I-V curve and the dimensions of the
nanowire, we can calculate the resistivity of the nanowire. However due to the
surface depletion effect [106, 107] the radius which contributes to the charge
transport relec may be different from the physical radius of the nanowire
rphys. Trapped charges at or near the vicinity of Si to SiO2 interface can
attract the charges from the nanowire and forms depletion region near the
surface [106, 107]. The density of trapped states is characterized by interface
trap level density Dit (eV
-1 cm-2). Figure 3.11 (adopted from Ref. [20, 108])
demonstrated that relec depends on the doping concentration and original
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Figure 3.11: Surface depletion model for silicon NWs showing the radius of
undepleted region (relec) in comparison to their physical radius (rphys)
against dopant concentration. The shaded region indicates the NW doping
range studied in this paper. Image is adopted from [20, 108]
rphys, following the Eq. 3.12 from [107, 109]
relec =
√√√√rphys2 + 2rphysQf − 2rphyse2Ditψ0
e(ND −NA)
(
1 +
rphyse2
2ε0εs
Dit
) (3.12)
Another big error source is the estimation of the cross sectional area. As
we can see from Fig. 3.1, the cross section of nanowire formed is more like
celery instead of regular shape, this is because dewetting is a random process.
In order to get a better estimation of the actual cross-sectional area, we cut
the measured wire using a Focused Ion Beam (FIB) and calculated the actual
cross section area based on the image, this is demonstrated in Fig. 3.12.
3.4 Raman characterization
Raman spectroscopy is a powerful technique in studying the free carriers of
doped bulk silicon [110, 111, 112, 113, 114, 115, 116]. In doped silicon, the
long wavelength optical vibration can cause a dynamic carrier redistribution
among energy bands [110], the effect is equivalent to a softening of the lat-
tice and is translated into a red-shift in Raman spectrum [110]. For boron
33
Figure 3.12: FIB cut cross section of a nanowire on which four-point probe
electrical measurement was performed. The actual area is marked with the
yellow dash line. The “diameter” of this wire would be 230 nm if only
analyzing from top view SEM.
doped silicon, redistribution of holes within and between light and heavy-
hole bands strongly affects the Raman frequency [110]. Moreover Fano-type
[117] interaction between the discrete one-phonon scattering and a continuum
of electronic scattering results in an asymmetric broadening of Raman spec-
trum especially in p-type silicon [111]. People have successfully demonstrated
doping concentration characterization by Raman spectroscopy in bulk silicon
[118, 119, 120] as well as silicon nanowire [121, 122, 123].
Researchers also attempted to characterize porous silicon by Raman spec-
troscopy [124, 125, 126, 127, 128, 129, 130, 131, 132, 133]. The results were
quite diverse, this may be due to the difference in fabrication condition-
s such as doping level, morphologies such as crystalline size and porosi-
ty and different measurement conditions. In an early study, Goodes et
al. [124] interpreted the spectrum of their porous silicon by the effect of
phonon with short coherent length, however this was later pointed out by
Mu¨nder et al. [125] that the spectra were mainly due to heating effect.
Through detailed study, they explained the porous silicon Raman spectra by
phonon confinement or localization in nanocrystal [134, 135] and extracted
their size information. This approach was adapted by following researcher-
s [126, 128, 129, 130, 131, 132, 133] in the interpretation of porous silicon
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Raman spectra. Phonon confinement induced Raman peak red-shift and
broadening were also observed in ultra-thin silicon nanowires [136, 137, 138].
At the same time, local heating by laser also exhibited the same effect in
silicon nanowire Raman spectrum [139, 140, 141, 142]. Hence we should
carefully choose the laser power to avoid the heating effect when extracting
the crystalline size information by Raman spectroscopy.
3.4.1 Raman spectroscopy basics
The system we were using was NanoPhoton Laser Raman-11, two wave-
lengths excitation laser are available: 532 nm and 785 nm. The system can
only measure Stokes spectrum. Three gratings are installed which are 2400
gr/mm (not available for 785 nm excitation laser), 1200 gr/mm and 600
gr/mm; the highest resolution is 1.5 cm-1 for 532 nm with 2400 gr/mm grat-
ing and 1.2 cm-1 for 785 nm with 1200 gr/mm grating. The samples were
measured in a backscattering configuration, and polarization of the excita-
tion light and the collected scattered light were parallel to each other. We
applied a line focus and x-y imaging to reduce the spectrum noise [143] which
is illustrated in Fig. 3.13.
The observed Raman peak is the convolution of a Lorentzian shape of the
actual photon with the response function of the spectrometer [144]. Though
the actual shape of this function should be triangular, we often consider the
response function as a Gaussian and the convolution results are almost i-
dentical [144]. The convolution product of a Lorentzian and a Gaussian is a
Voigt profile [144]. To rigorously study the materials intrinsic FWHM, one
needs a deconvolution of the measured spectrum.
We measured the Raman spectrum of a low-doped p-type bulk silicon piece
(10 ∼ 20 Ω· cm) with the same instrument settings used for nanowire char-
acterization (532 nm, 60 µm confocal size, incident laser power is 0.1 mW
and exposure time is 60 sec) to study the effect of instrument broadening.
We fitted the measured spectrum by both Voigt and Lorentzian profile as
shown in Fig. 3.14 and the fitting parameters are listed in Table 3.1. Both
fittings agrees fairly well with the experimental data except that Lorentzian
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Figure 3.13: The sample are scanned with x-y imaging, laser intensity is
uniformly distributed along the line-shaped Raman scattering light. Image
is adopted from the product datasheet.
Table 3.1: Fitting Parameters of Voigt fitting and Lorentzian fitting of
experimental spectrum of a low doped p-type (10∼20 Ω·cm) bulk silicon.
Fitting Profile FWHM
(cm-1)
Peak Position
(cm-1)
Adjusted
R2
Voigt Fitting 3.5763 521.73947 0.9995
Lorentzian Fitting 3.38975 521.73922 0.99778
overestimates the peak portion and hence gives smaller FWHM.
The width of the response function of the spectrometer can be determined
by measuring the laser spectrum width of the built-in Neon reference with
the same confocal slit size (60 µm) [144]. At 532 nm incident wavelength, the
excited laser spectrum has a width of about 0.05 nm or 1.7 cm-1 equivalently.
We can adopt a simplified procedure to do the deconvolution by using Posen-
ers table [144, 145]. For measured FWHM ∼3.5763 cm-1 and instrument re-
sponse function width ∆νG ∼ 1.7 cm-1 which was determined by measuring
the Neon spectrum width, the natural photon FWHM of the measured silicon
at room temperature is ∼2.65 cm-1 ,which agrees very well with the litera-
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Figure 3.14: Voigt fitting and Lorentzian fitting of experimental spectrum
of a low doped p-type (10∼20 Ω·cm) bulk silicon.
ture value [144]. The measured effective FWHM ∆νeff can also be roughly
approximated by [145] ∆νeff ∼ (ln2)−1/2∆νG
(
1 +
(
∆νL
(ln2)−1/2∆νG
)2)1/2
and
as a result, when ∆νL >> (ln2)
−1/2∆νG = 2.04 cm-1, ∆νeff ∼ ∆νL .
For heavily-doped silicon, the discrete one-phonon scattering and a contin-
uum of electronic scattering results in an asymmetric broadening of Raman
spectrum which is Fano-line [117] especially in p-type silicon [111]. We will
discuss this effect in detail in the following section. Considering the system
broadening, the actual spectrum is a convolution of a Gaussian and Fano-line.
The most accurate fitting of the experimental spectrum can be obtained by
the convoluted distribution [146, 119]. However this process is complicated
and computational costly. Instead, when discussing the spectrum broaden-
ing due to free carriers, most literature [111, 112, 113, 116] directly fitted
the experimental data with standard Fano equation. From Ref. [119] we see
that for instrument broadening of 2.5 cm-1, the difference between decon-
voluted width (Γ = 2Γp) and width without correction is less than 1 cm
-1.
The difference would be smaller in our case due to less instrument broadening
(1.7 cm-1) and Fano line shape fits our highly doped bulk spectrum quite well.
As a result, later when analyzing the size, carrier concentration and im-
37
450 500 550 600
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
 
 
 as-etched
 post-doped
 substrate
N
or
m
al
iz
ed
 R
am
an
 In
te
ns
ity
 (a
.u
.)
Raman Shift (cm-1)
Figure 3.15: Normalized 785nm Raman spectrum of as-etched porous
nanowire, post-doped porous nanowire and the substrate from which the
nanowires were fabricated. The three spectrum overlapped with each other,
this is an indication that all the signal are collected from the substrate
purity effects, we fitted the spectrum with a modified Lorentzian and the
instrument response function is not included in the expression, similar ap-
proaches were applied in most of the previous studies [134, 135, 147, 137] ,
however its effect should be kept in mind.
As of the choice of laser wavelength, 532 nm incident light will cause reso-
nant excitation, which means most of the signal are from the nanowire layer;
when using 785 nm incident laser, we were actually collecting most of the
signal from substrate, this is clearly illustrated in when we normalize the
as-etched, post-doped and substrate spectrum as shown in Fig. 3.15.
We also carefully chose the laser power to be as low as possible to avoid
heating effect. A previous study [139] showed that peak asymmetric broad-
ening as well as red-shift reported for silicon nanowire Raman spectrum were
actually due to laser local heating instead of size induced phonon confine-
ment. As-etched nanowire Raman spectrum were measured under different
incident power to study the heating effect. We started from the lowest laser
power and gradually increased the power, meanwhile the peak position and
FWHM were measured as shown in Table 3.2. We see that the peak shift
is more sensitive to the laser power. However at power < 0.05 mW, Ra-
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Table 3.2: As-etched nanowire sample measured with different incident
laser power, from the table we can see that for power below 0.1 mW, the
heating effect on FWHM can be neglected.
Laser Power
(mW)
Peak Position
(cm-1)
FWHM
(cm-1)
0.002 520.41 5.53
0.005 520.43 5.57
0.010 520.55 5.63
0.020 520.28 5.50
0.030 520.27 5.47
0.040 520.24 5.50
0.050 520.16 5.52
0.101 520.01 5.58
0.204 519.72 5.77
0.312 519.57 5.81
0.525 519.15 5.89
man spectrum has large noise and fitting error is large. We also see that
when incident power is below 0.1 mW, the heating effect on FWHM can be
neglected; if we further increase the power, significant heating effect start-
ed contributing to the spectrum. Since weve measured that both as-etched
and post-doped silicon nanowire have very similar thermal conductivity (∼2
W/(m·K) at room temperature), the laser heating should be similar for post-
doped nanowire. At the same time, higher power means better signal-to-noise
ratio and as a result we kept incident laser power to be ∼0.1 mW for the
nanowire samples. The corresponding temperature rise under this excitation
laser power is less than 10 K by Eq. 3.13 and we will discuss this shortly.
3.4.2 Parameters that cause peak shift and width broadening
of Raman spectrum
Raman peak shift and broadening can be affected by many parameters, for
example temperature [139, 148, 141, 142], strain [149, 150], impurity, free
39
carrier [111, 113, 116, 110], crystalline size induced phonon confinement [134,
135, 147, 137] and etc. We will discuss their effects quantitatively and try to
explain the porous NW spectrum.
1. Temperature Effect
Local heating can cause peak red-shift and broadening [139]. By fitting the
experimental data, empirical relations Eq. 3.13 describes the heating effect
on peak shift and FWHM Γ [148, 141, 142]
dω
dT
= 0.022± 0.001 cm-1 ·K-1
dΓ
dT
= 0.0102 cm-1 ·K-1 (3.13)
As we discussed before, Raman spectrum peak shift is more sensitive to
temperature change. For ∆T < 10 K, FWHM broadening due to heating
effect is less than 0.1 cm-1.
2. Strain Effect
Uniaxial stress can cause the Raman peak to split due to the breaking of
optical phonon degeneracy and shift linearly with the applied stress [149].
A negative compressive stress along [100] direction will result in blue-shift
(towards the high wave number) and positive tensile stress leads to a red-shift
of the Raman peak which is estimated to be [150].
dω
dT
∼ −0.004 cm-1/MPa (3.14)
Strain effect on spectrum FWHM Γ is not well documented. According to
Ref. [149], static uniaxial stress does not affect FWHM. However, Kunz et
al. [119] stated that the peak splitting cannot be individually resolved and
thus both peak shift and broadening will occur. No quantitative evaluation
was provided.
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3. Impurity Effect
In doped silicon, impurity i.e. dopant atoms affect the phonon frequency
through a change in the average atomic mass and change in average atomic
volume which affects the phonon frequency via Gru¨neisen parameter [110].
Impurities induced frequency shift can be approximated by
δω0
ω0
∼ 1
1000
(
1
2
aM + 3γaV
)(
n× 10−19 ×Q) (3.15)
Where δω0 is the frequency shift, ω0 is the optical phonon frequency or Ra-
man peak shift when no impurity exists,aM and aV is the fractional change in
average mass and volume due to the impurity respectively, for boron doped
silicon, aM = 0.64 and aV = 0.2; γ is Gru¨neisen parameter and is approx-
imately to be 1, n is the doping concentration and constant Q = 0.2 for
silicon. Then dependence of peak width on impurity was not reported be-
cause in most of the cases it is coupled with free carrier effect. Impurity
effect does not depend on temperature.
4. Free Carrier Effect
In doped silicon, the long wavelength optical vibration can cause a dynamic
carrier redistribution among energy bands [110], the effect is equivalent to a
softening of the lattice and is translated into a red-shift in Raman spectrum.
For boron doped silicon, redistribution of holes within and between light
and heavy-hole bands strongly affects the Raman frequency [110]. Moreover
Fano-type [117] interaction between the discrete one-phonon scattering and
a continuum of electronic scattering results in an asymmetric broadening of
Raman spectrum especially in p-type silicon [111].
The Fano line-shape is given by
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Figure 3.16: Raman spectrum of highly boron doped silicon (∼ 3× 1019
cm-3) at 785 nm and 532 nm excitation wavelength respectively, spectrum
is fitted by Fano line-shape.
I(ω) = A
(qp + )
2
1 + 
 =
ω − (ωp + δωp)
Γp
(3.16)
where qp is asymmetric factor, smaller qp indicates more asymmetric; ωp is
the optical phonon frequency in intrinsic silicon, ωp + δωp is the phonon
frequency in doped silicon, Γp is the linewidth factor. Peak position of the
Fano-shape line is given by
ωM = ωp + δωp +
Γp
qp
(3.17)
This can be obtained by taking dI(ω)/d = 0.
We can fit the bulk Raman spectrum by Fano very well as is shown in
Fig. 3.16 and the fitted parameter agrees well with the literature value [116]
shown in Table 3.3.
From Table 3.3 we can tell that: (1) the asymmetric factor qp strongly
depends on exciting wavelength, longer excitation wavelength cause stronger
Fano interaction, this is also demonstrated in our measurement Fig. 3.16; (2)
width parameter Γp and shifted peak ωp+δωp do not depend on the excitation
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Table 3.3: Fano parameters of the optical phonon in p-type silicon at
different doping. Adopted from Table 1 of Ref. [116].
Carrier
Concentration
(cm-3)
Exciting
Wavelength
(A˚)
Optical Phonon
qp Γp (cm
-1) ωp + ∆ωp (cm
-1)
4× 1020 4579 4.54 12.4± 0.5 512± 2
5145 2.57 11.8± 0.5 511± 2
6471 0.55 12.6± 0.5 509± 2
average average
12.3± 0.5 510.7± 1.5
1.5× 1020 4880 6.0 9.2 516.7
6471 1.8 8.5 514.8
average average
8.85± 0.5 515.7
6× 1019 4880 10 6.2 519.7
1.5× 1019 4880 44 3.1 520.2
6471 20 2.65 520.2
average average
2.88 520.2
5× 1018 4880 200 1.8 520
Pure Silicon
(1013)
1.5 520
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frequency at a given carrier concentration; (3) with increasing carrier con-
centration, Raman spectrum becomes more asymmetric (smaller qp), wider
(larger Γp) and the peak red-shift (towards lower wave number) due to free
carrier is increased.
Now lets briefly discuss the Fano width parameter Γp. Since Fano line-
shape is asymmetric and has a local minimum (at ωp + δωp − Γq), we could
not define a FWHM as in the the Lorentzian or Voigt shape. In Fano’s
original paper [117], Γ = 2Γp indicates the spectral width. When q →∞ in
intrinsic silicon, Fano line-shape approaches Lorentzian, and 2Γp should be
the FWHM of intrinsic silicon which is 3.0 cm-1 as shown in Table 3.3. We
have to keep in mind that in Table 3.3, the Fano fitting is for experimental
spectrum and hence instrument broadening is included.
5. Crystalline Size Effect
When nano-crystalline with critical dimension less than 30 nm exists, the
phonon is confined or localized in the nano-crystalline volume [134] and re-
sults in a relaxation of the k = 0 selection rule (k is the optical phonon
wave vector), which means additional k 6= 0 transition is also contributing to
the Raman spectrum. This relaxation will lead to peak broadening and red-
shift. To describe this phonon confinement, the wave function for a phonon
in an infinite crystal is multiplied by a Gaussian weighted function. There
is no physical reason to assume this form of confinement or its particular
value at the crystalline boundary [135]. The first-order Raman spectrum is
[134, 135]
I(ω,R) ∝
∫ 2pi/a
0
|C(k)|2 dk3
(ω − ω0(k))2 + (Γ0/2)2
(3.18)
where R is the critical dimension of the nano-crystalline, a is the lattice con-
stant, |C(k)|2 is the Fourier coefficient of the confined phonon wave function,
Γ0 is the phonon natural width convoluted with the instrument broadening
[137] or the FWHM of the spectrum, ω is wave number and ω0(k) is the op-
tical phonon dispersion curve. In most of the literatures, an isotropic optical
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phonon dispersion of bulk silicon is used [137, 139]
ω0(k) =
√
A+B cos(ka/4) (3.19)
where A = 1.714 × 105 cm-2 and B = 1.0 × 105 cm-2 were determined from
neutron scattering data for the TO branch [137, 151, 152].
For the Fourier coefficient |C(k)|2 is usually taken in the form of [135]
|C(k)|2 = exp
(
−k
2R2
2β2
)
(3.20)
where β is a factor representing the phonon confinement. A wide range of
1.4 < β < 10.4 has been reported in the literature for silicon nano structure
and according to Ref. [137, 138], β should be determined from the experi-
ment with known crystalline dimension. β = 2
√
2pi is the mostly used value.
We can also assume the crystalline size has a Gaussian distribution
ϕ(R) =
1√
2piσ2
exp
(
−1
2
(R−R0)2
σ2
)
(3.21)
And the first-order Raman spectrum is modified as [129]
I(ω,R) ∝
∫ 2pi/a
0
|C(k)|2 dk
3
(ω − ω0(k))2 + (Γ0/2)2
=
∫ 2pi/a
0
f(k)exp
(
−f(k)
2R0
2k2
2β2
)
dk3
(ω − ω0(k))2 + (Γ0/2)2
(3.22)
where
f(k) =
[
1 + (σk)2/β2
]−1/2
(3.23)
If we further consider the Fano interaction, then the Raman spectrum may
be modified as in Eq. 3.24 similar approaches were used in Ref. [153]
I(ω,R) ∝
∫ 2pi/a
0
dk3
|C(k)|2[Γ0qp/2 + ω − ω0(k)]2
(ω − ω0(k))2 + (Γ0/2)2
(3.24)
45
3.4.3 General steps for Raman spectrum analysis
Since we are collecting Raman signal from a layer of ∼ 1 µm nanowire, we
should accurately focus on top of the sample. A 100X objective would be
beneficial due to its small depth of focus. And better focus is achieved by
checking laser spot in NanoPhoton Laser Raman-11 system. By comparing
the Raman spectrum we noticed that a polarizer is not necessary. Consid-
ering the system error due to spectrometer or grating drifting, we should
finish all the measurement in one operation session. Carefully calibration
with standard Neon spectrum before measuring the sample is also a choice.
To get a better signal-to-noise ratio, it would be better to use line scanning
and the exposure time can be adjusted, currently we were using 60 sec.
In order to extract the size or doping information from Raman spectrum
analysis, we have to consider all the possible factors that cause peak shift
or broadening. We have discussed this in detail in Sectiion 3.4.2. Specif-
ically, when analyzing the Raman spectrum of porous nanowire to extract
the carrier concentration information, instead of peak shift and asymmet-
ric factor qp, we mainly use spectrum width as the evaluation parameter by
comparing it with the literature values listed in Table 3.3. This is because:
peak shift is also sensitive to heating, strain, and at the same time system
drift also introduces large error in the peak position; asymmetric factor qp
strongly depends on the excitation wavelength. However the spectrum width
cannot be directly obtained by fitting with Voigt function. As we will see in
Section 4.2, we have to separate the size induced phonon confinement and
free carrier effect. Key assumption is that all the effects mentioned above
on spectrum width are independent, similar approaches were used by Becker
et al. [118] and Kunz et al. [119] . In other words, we assume an imaginary
identical solid nanowire system of same free carrier concentration has a nat-
ural FWHM Γ0, and then randomly distributed pores further broaden the
spectrum to its total width Γ. By fitting the spectrum with Eq. 3.18 or 3.22.
we then extract Γ0 of this imaginary nanowire system which has purely free
carrier contribution. By comparing this with the literature value, we would
estimate the carrier concentrations. We could also fit the spectrum with E-
q. 3.24, however we found that our Raman spectra do not have significant
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asymmetry and thus this approach would not improve the fitting accuracy,
the possible reason is that the Fano effect is suppressed in porous silicon.
We will discuss the analysis of as-etched and post-doped porous nanowire in
detail in Section 4.2.
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CHAPTER 4
ELECTRON TRANSPORT PROPERTIES
IN POROUS SILICON NANOWIRE
In this chapter, we will discuss the electrical transport properties i.e. elec-
trical conductivity and Seebeck coefficient in porous silicon nanowire under
different doping conditions. By I-V test, Raman spectroscopy and Seebeck
coefficient analysis we obtain electrical transport information such as carrier
concentration, mobility and the scattering process, although not complete.
Experimental technique and data analysis was discussed in detail in Chapter
3.
4.1 Electrical conductance of porous silicon nanowire
at different doping conditions
4.1.1 Two-point probe conductance measurement
We did two-point probe I-V test on as-etched porous silicon nanowire ar-
ray as well as post-doped silicon nanowire array. As mentioned above, we
have tested four pre-deposition temperatures range from 800∼ 950 ◦C with
a 50 ◦C step. In the actual test, we used two batches of porous nanowire:
the batch doped at 950 ◦C had length ∼700 nm while another batch with
length 1.2∼1.5 µm was used to test the doping effect at 800 ◦C, 850 ◦C and
900 ◦C. Thus we are comparing the electrical conductance of the post-doped
nanowires with their corresponding as-etched reference. The metal contact
pads were separated by different distances. Since the substrate was highly
conductive, the resistance of silicon nanowire and nanowire/metal contact
should be dominate. This was verified in the experiment that the two-point
probe I-V curves were independent of the distance between the contact pads.
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Figure 4.1: (a) Two-point probe I-V curve of as-doped silicon nanowire
array. (b) Two-point probe I-V curve of porous silicon nanowire array
doped at 950 ◦C.
We first discuss the electrical performance doped at 950 ◦C shown in Fig. 4.1.
After post-doping, the electrical conductance clearly showed a 2 to 3 or-
ders increase for the sample doped at 950 ◦C compared with the as-etched
sample. For samples doped at lower temperatures, the porous wires doped at
900 ◦C had a 1 order of magnitude increase in electrical conductance while
the 850 ◦C and 800 ◦C doped samples did not show significant improvement.
The possible reason is that although boron solubility in silicon at 800∼850
◦C (between 5 × 1019 cm-3 and 8 × 1019 cm-3 ) was higher than the initial
substrate doping (∼ 3× 1019 cm-3 ), the extra dopant atoms introduced into
the nanowire were not enough to result in significant change. The result here
was inspiring, we successfully demonstrated that even for the degenerately
doped porous silicon nanowire, we were able to enhance its electrical conduc-
tance. However we could not differentiate the nanowire contribution from
the total resistance because of the contact resistance was unknown.
Now we estimate the bounds of electrical conductivity of post-doped nanowire
from two-point probe measurement. When assuming all the resistances come
from nanowire we get the upper limit of electrical resistivity. Contact pad
area of nanowire doped at 950 ◦C was 210× 210× 0.25 µm2 and conducting
length was about 500 nm; for nanowires post doped at other temperatures,
the contact pad area was about 600× 30× 0.35 µm2 and conducting length
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Figure 4.2: Two-point probe I-V curve of as-etched porous silicon nanowire
array and nanowire doped at 800∼900 ◦C.
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was about 1200 nm. Since the substrate was degenerately doped, its con-
tribution to the overall resistance was negligible. For 950 ◦C post-doped
nanowire, the upper limit of electrical resistivity would be on the order of
10 ∼ 102 Ω·cm and this was three orders of magnitude lower than the corre-
sponding as-etched nanowire resistivity; for porous nanowire post-doped at
900 ◦C, the upper limit of electrical resistivity was 10 ∼ 20 Ω·cm compared
with the corresponding as-etched resistivity which was 130 ∼ 150 Ω·cm.
Contribution from contact is hard to characterize and no literature values
have been reported for porous nanowire. We previously estimated the con-
tact resistivity for smooth nanowires [29] and for low doped silicon nanowire,
the contact resistivity can be up to 0.13 Ω·cm2. Thus contact resistance can
be up to 1.18 kΩ for one pad (950 ◦C doped sample) and it is possible the
2pp resistance was dominated by contact, i.e. resistivity of porous nanowire
after post doping at 950 ◦C had more than 3 orders of magnitude reduction.
Similar argument also applies for nanowire post doped at 900 ◦C.
4.1.2 Four-point probe single wire electrical conductivity
measurement
In order to measure the exact electrical conductivity of the porous wire, we
conducted four-point probe measurement on single porous silicon nanowire
with longer length. The I-V curve of an as-etched single silicon nanowire is
shown in Fig. 4.3. Based on the dimension of the measured wire, we extracted
the electrical resistivity of as-etched porous wire was 7 orders of magnitude
higher than the bulk value (10−3 Ω·cm ) of same doping level (∼ 3 × 1019
cm-3). We can also see from the inlet of Fig. 4.3 that the two-point probe I-V
curve was quite similar to the four-point probe I-V curve, which indicated
that in this case the dominant resistance was the wire instead of contact
resistance.
We then performed four-point probe electrical measurement on a single
post-doped porous wire. However the wire length in the previous mentioned
post-doping study was about 700 nm and 1.2∼1.5 µm which are suitable for
Seebeck measurement. In order to properly locate and place four electrodes,
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Figure 4.3: I-V measurement of a successful four-point probe measurement
of as-etched single porous nanowire. Inlet shows the two-point probe I-V
curve between two inner electrode.
we required wires longer wires. We fabricated another batch of porous silicon
nanowire with length 1.8 µm and post doped it using the same recipe. The
best chance would be the nanowire doped at 950 ◦C. Unfortunately, we did
not get proper linear I-V curve. We investigate the possible reason by SIM-
S. Figure 4.4 shows the boron concentration of porous silicon nanowires we
have tested. The 950 ◦C post doped porous wires of length ∼700 nm shows
relatively uniform boron concentration level of 1 ∼ 2× 1021 cm-3 while NW
post doped at 900 ◦C has an average 1.4×1020 cm-3; for the 1.8 µm long wire,
only the first 1000 nm from the top were doped to 1021 cm-3 level and the
remaining part of the wires have a doping profile gradually decreases to the
starting doping level of 3 × 1019 cm-3. As a reference, the boron concentra-
tion in as-etched sample is similar to the substrate. The nonuniform boron
concentration in 1.8 µm nanowire indicates that the bottom of the wires were
not well wetted by the SOD, moreover, different segments between the elec-
trodes were at different doping level and low-doped portion would dominate.
This may partly explain why we could not get good result. Another difficulty
comes from the nanowire fabrication technique, porosity reduces from top to
bottom during etching process [85] and this nonuniformity is more significant
for long porous wire.
The other interesting phenomena we can read from the SIMS profile is that
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Figure 4.4: Boron concentration of as etched/post-doped porous silicon
nanowire characterized by SIMS.
the boron concentration not only exceeds the solubility at the temperature
used (2×1020 ∼ 4×1020 cm-3 at 950 ◦C [88, 89]) but also the solubility limit
at 1350 ◦C [88]. In a recent published review on boron diffusion in silicon and
germanium, Mirabella et al. [154] pointed out that this extraordinary high
boron doping concentration is due to the boron-interstitial clustering.
4.2 Carrier concentration analysis by Raman
spectroscopy
In this section, we will try to extract the carrier concentration as well as
crystalline size information from Raman spectrum analysis. The general
procedure was discussed in Section 3.4.3. We will also discuss the limitations
and possible drawback of this approach.
As discussed previously, 785 nm excitation wavelength collects most of the
signal from substrate and as a result, we only analyze the Raman spectrum
with 532 nm excitation wavelength. And the line focused laser power was
kept at 0.1 mW with exposure time 60 sec. For substrate measurement
we used 0.2 mW to achieve better signal-to-noise ratio without affected by
heating since it has much larger thermal conductivity (∼90 W/(m·K) at
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Table 4.1: Fitted parameters of the Raman spectrum of as-etched and
post-doped porous silicon NW and the substrate from which the NWs were
fabricated. The substrate peak shift was obtained by Fano line-shape
fitting ω0 + δω0, Γ/q is not included.
Sample Peak Position
(cm-1)
FWHM
(cm-1)
p+ substrate (2013) 520.49 9.14
p+ substrate (2014) 520.78 6.94
as-etched porous NW (2013) 518.83 6.14
as-etched porous NW (2014) 519.06 5.46
post-doped porous NW (950 ◦C) 517.82 14.1
post-doped porous NW (900 ◦C) 518.46 11.2
room temperature) compared with porous silicon nanowire. The normalized
measured spectra of the representative tested porous NW is shown in Fig.
4.5 and the fitting parameters are listed in Table 4.1. Post-doped and as-
etched porous NW both showed a red-shift compared with the substrate and
post-doped NW has larger red-shift. While as-etched NW is narrower than
the substrate, post-doped NW exhibits a much wider peak width. How do
we explain the changes?
For temperature effects, as we discussed before, ∆T due to laser heating at
0.1 mW is smaller than 10 K and the corresponding width broadening is less
than 0.1 cm-1. Since we are using spectrum width as evaluation parameter,
heating effect can be neglected.
Tensile stress can also cause the red-shift of Raman spectrum. However
regardless of the stress type, it will broaden the spectrum. This contradicts
with the fact that the Raman spectrum of as-etched NW is narrowed com-
pared with the bulk.
For both the nanowire samples, we have already confirmed the existence
of nanocrystalline in porous Si NW with TEM and the dimension is roughly
around 10 nm. Based on theory calculation, Raman spectrum width broad-
ening due to 10 nm nanocrystalline is less than 1.5 cm-1 [135]. We also have
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Figure 4.5: Normalized Raman spectrum of as-etched and post-doped
porous silicon NW and the substrate from which the NWs were fabricated.
The excitation wavelength was 532 nm.
doping information from SIMS analysis, hence the Raman spectrum should
have contribution from both the nano crystalline induced phonon confine-
ment and doping/carrier, as a result Eq. 3.18 is used to fit the NW Raman
spectrum. The doping concentration of as-etched NW and substrate is about
3 × 1019 cm-3 and the 950 ◦C and 900 ◦Cpost-doped nanowire has a boron
concentration about 1× 1021 cm-3 and 1.4× 1020 cm-3. We will first discuss
the as-etched NW spectrum and later extend it to post-doped NW analy-
sis.
4.2.1 Analysis of as-etched porous nanowire Raman
spectrum
Regarding the peak shift, for dopant concentration of 3× 1019 cm-3, we can
calculate the peak shift due to impurity effect based on Eq. 3.15 to be ∼
+0.28 cm-1 and from Table 3.3 we can also read that for bulk silicon -0.3
cm-1< δωp <0 . So the red-shift of as-etched NW should be mainly attribut-
ed to the phonon confinement effect.
Then how do we explain the narrower spectrum peak width of as-etched
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Figure 4.6: Raman spectrum of as-etched porous nanowire fitted by phonon
confinement model (a) assume one critical size (b) assume crystalline size
has a Gaussian distribution.
porous NW compared with substrate? Both phonon confinement and high
doping concentration are supposed to broaden the peak. We learnt from our
previous electrical measurement that in the as-etched porous nanowire, it is
107 more resistive than the bulk silicon with similar doping. There might be
a large reduction of free carriers in a-etched porous nanowire which is similar
to that observed in other previous studies on porous silicon [33, 49]. As a
result, we should compared the peak width of an-etched NW with low doped
bulk silicon, for example 3.57 cm-1 for silicon with 10 ∼ 20 Ω·cm resistivity
as mentioned in Section 3.4.1.
We can fit the Raman spectrum based on Eq. 3.18 and 3.22 as shown in
Fig. 4.15. Actually a range of Γ0 = 5 ± 0.2 cm-1 and R ∼ 10 ± 1 nm (if
only consider one critical size) or R ∼ 12 ± 2 nm, σ ∼ 3 ± 1 nm (Gaussian
distributed size) can fit the experiment spectrum quite well.
Now we compare the phonon natural FWHM Γ0 ∼ 5 cm-1 (instrument
broadening included) with literature value in Table 3.3. We see that the value
is between spectrum width of bulk silicon with 5× 1018 cm-3 and 1.5× 1019
cm-3 carrier concentration. In other words, the free carrier concentration in
our as-etched nanowire is less than its doping level which is about 3 × 1019
cm-3 but should be higher than 5 × 1018 cm-3. This is a clear indication
of loss of free carriers. Phonon confinement leads to an additional 0.6 cm-1
broadening.
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Table 4.2: Raman peak shift in highly boron doped silicon. Data adopted
from Ref. [111]. Impurity induced peak shift is calculated by Eq. 3.15.
Carrier
Concentration
(cm-3)
δωtotal
(cm-1)
δωimpurity
(cm-1)
δωfree−carrier
(cm-1)
1.6× 1020 -4.9 +1.3 -6.2
4.0× 1020 -11.8 +3.8 -15.6
4.2.2 Analysis of post-doped porous nanowire Raman
spectrum
Temperature and strain effect arguments are the same as before.
We first look into the peak shift. Again by applying Eq. 3.15, for boron
concentration 1 × 1021 cm-3 (sample doped at 950 ◦C) , peak would have
a blue-shift of ∼ 9.6 cm-1 due to impurity effect only while the spectrum
has a redshift ∼ 3.6 cm-1 compared with doped substrate (without Γp/q ).
Thus there must be some other mechanisms to cause a redshift of ∼ 13.2
cm-1 . This cannot only be due to phonon confinement because that: (1) by
assuming the phonon natural width is the same as as-etched NW i.e. Γ0 ∼ 5
cm-1, a crystalline size ∼1 nm is required to achieve such a large redshift; (2)
with this crystalline size the spectrum would be greatly distorted as shown
in Fig. 4.7. From the highly doped bulk silicon data in Ref. [111], we can
approximate the free-carrier induced peak redshift as listed in Table 4.2.
Thus free carrier concentration in between 1.6 × 1020 cm-3 and 4.0 × 1020
cm-3 together with phonon confinement should be able to induce a redshift
required for the post doped porous nanowire. As we will discuss in detail
shortly, by fitting the measured Seebeck coefficient of post-doped porous
nanowire, we extracted the free carrier concentration to be ∼1.6× 1020 cm-3
, this agrees well with the doping range we discussed above considering the
experimental error.
To start with, we fitted the experimental spectrum with on Eq. 3.18 and
3.22, phonon natural width Γ0 and crystalline size are fitting parameters. The
fitting results are shown in Fig. 4.8. As in the as-etched porous nanowire case,
Γ0 = 14± 0.6 cm-1 and R = 6.5± 0.5 nm (if only consider one critical size)
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Figure 4.7: In order to achieve peak redshift ∼13 cm-1 only by phonon
confinement effect, the crystalline size has to be as small as ∼1 nm and the
simulated spectrum is greatly distorted..
or R ∼ 7.5 ± 1.1 nm and σ ∼ 1.6 ± 0.7 nm (size has Gaussian distribution)
can reasonably fit the experiment spectrum.
Raman spectrum of NW that was post-doped at 900 ◦C can be analyzed
in the same way as illustrated in Fig. 4.9. R = 7.7± 1 nm and σ = 1 nm can
reasonably fit the experiment spectrum.
Now let us try to introduce the Fano interaction by Eq. 3.24. By set-
ting asymmetric factor qp to be equal to the bulk value (1.6 × 1020 cm-3
free carrier concentration) listed in Table 3.3, the fitting does not agree with
the experimental spectrum because it does not show a clear Fano signature
(asymmetric peak with a local minimum). This may be attributed to the
suppression of Fano effect in porous silicon by quantum confinement of elec-
trons, which results in the discretization of continuum electron energy [155].
When we increase qp to above 20, the higher wavenumber portion can be
fitted well as illustrated in Fig. 4.10.
However, for the fitted phonon natural width Γ0, we cannot simply compare
it with the bulk value width 2Γp in Table 3.3 to estimate the free carrier
concentration. This is because that their line-shape are different. From
Fig. 4.10 we can see that the Fano line-shape should have larger line width
than the width of experimental spectrum due to the local minimum in the
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Figure 4.8: Raman spectrum of porous nanowire post doped at 950 ◦C
fitted by phonon confinement model (a) assume one critical size (b) assume
crystalline size has a Gaussian distribution.
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Figure 4.9: Raman spectrum of porous nanowire post doped at 900 ◦C
fitted by phonon confinement model (a) assume one critical size (b) assume
crystalline size has a Gaussian distribution.
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Figure 4.10: Raman spectrum of post-doped porous nanowire fitted by
phonon confinement model coupled with Fano interaction (Eq.3.24).
low wave number part. Besides different system have different instrument
broadening. Take these into consideration, Γ0 = 14 ± 0.6 cm-1 indicates
that the free carrier concentration in the 950 ◦C post-doped porous silicon
nanowire should be larger than 6 × 1019 cm-3 (2Γp = 12.4 cm-1 ) and close
to 1.6 × 1020 cm-3 (2Γp = 16.4 cm-1 ) [111] or 1.5 × 1020 cm-3 (2Γp = 17.7
cm-1 ) (as shown in Table 3.3). For 900 ◦C doped sample, Γ0 ∼ 9.6 cm-1 and
we estimated the carrier concentration to be between 1.5 × 1019 cm-3 and
6× 1019 cm-3.
4.2.3 Discussion on the Raman spectrum analysis
From Raman spectrum analysis, it is conclusive that there are loss of free
carriers in those porous nanowires and post-doping does introduce more carri-
ers. However the role of carrier mobility is not clear and very rarely discussed.
When applying the phonon confinement model, we can estimate the nano
crystalline size. Here we were assuming the nano crystalline in between
the pores has a cylinder like shape instead of nano sphere. The extracted
nanocrystalline size is around 10 nm and agrees with the estimation from
TEM images. It seems that after post-doping, the crystalline size was de-
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creased. One possible reason might be sintering at high temperature. The
major concern with this fitting process is the phonon confinement constant.
From Eq. 3.18, 3.20 and 3.22, we see that it is R/β that really affects the
spectrum simulation. Besides we were assuming cylindrical nanocrystalline
and this is a simplification of the disordered structure. Though β = 2
√
2pi
were mostly used value in the literature, we still needs other confirmation to
get the exact value of nanocrystalline size.
In the fitting, we were using Eq. 3.19 for optical phonon dispersion. ω0 ∼
521 cm-1 should be intrinsic silicon Raman shift peak position when k = 0
selection rule is valid. For 3 × 1019 cm-3 boron doped silicon, both from
literature and our calculation in previous section we concluded that the dop-
ing effect on peak shift is negligible, hence this A and B is applicable in
as-etched nanowire spectrum simulation. When boron doping concentration
reaches 1 × 1021 cm-3 , we are not certain how this will affect the optical
phonon dispersion. Take 950 ◦C doped sample as example, when analyzing
the Raman spectrum by phonon confinement model, it is possible that the
Raman spectrum peak of nanowire with 1×1021 cm-3 dopants and 1.6×1020
cm-3 remains the same before size effect is introduced. Since we are using
FWHM Γ0 as evaluation parameter, we may neglect the error in the peak
shift position analysis.
Although through natural width analysis we can confirm the higher free
carrier concentration, we still have to investigate why the Fano line asym-
metry became much less prominent. Moreovre, it is not quite clear that how
much contribution is from the substrate in the nanowire Raman spectrum
under resonant excitation. However, the clear difference in width between
as-etched NW, post-doped NW and substrate might be an evidence that the
substrate contribution is negligible.
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4.3 Seebeck coefficient of porous silicon nanowire
4.3.1 Experimental data of Seebeck coefficient
In Fig. 4.12 we show the measured Seebeck coefficient of the as-etched and
post-doped porous nanowire (post-doping temperature 900 ◦C and 950 ◦C),
as a comparison we also plot the Seebeck coefficient of substrate from which
those porous nanowire were fabricated. We see that as-etched porous nanowire
has similar Seebeck coefficient as substrate and both the post-doped nanowires
have lower Seebeck coefficient because of increased free carriers.
Note that as-etched data is not smooth and has large error, one reason
is the limitation of our measurement technique. For highly resistive media
such as the as-etched porous nanowire, there would be huge phase difference
between the top of nanowire and the bottom of the nanowire and hence the
measured V2ω is no longer a good representative of the average voltage drop
due to the ∆T2ω, this effect is more severe for longer as-etched nanowires.
For post-doped nanowires, however the V2ω signal follows the temperature
oscillation. We demonstrated this effect by showing V2ω phase from room
temperature measurement in Fig. 4.11. The other reason comes from the
instrument limitation. SR830 Lock-in amplifier has an input impendence of
10 MΩ. As shown previously in [20], electrical resistance increased with de-
creasing temperature. At room temperature for ∼ 1.2 µm as-etched nanowire
the resistance between two Seebeck voltage pads was about 0.5 MΩ and it
reached several MΩ at low temperature. In this case the lock-in amplifier
can no longer measure the correct V2ω voltage and that is why we do not
have data below 110 K for as-etched wire.
4.3.2 Theory of Seebeck coefficient
The Seebeck effect arising from diffusion of charge carriers along temperature
gradient is usually enhanced by drag imposed on the carriers by the accom-
panying diffusion of phonons. Thus the total Seebeck coefficient is generally
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Figure 4.11: Phase of Seebeck voltage V2ω at 300 K measurement. We see
from the figure that for post-doped nanowire and reference sample, the
phase follows temperature oscillation. For as-etched nanowire the Seebeck
voltage signal has huge phase difference across the frequency range.
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Figure 4.12: Seebeck coefficient of as-etched porous nanowire, post-doped
porous nanowire (post-doping temperature 900 ◦C and 950 ◦C). Bulk
silicon with about 3× 1019 cm-3 boron concentration is also shown by the
open circle.
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expressed as a sum of diffusion component Sd and phonon drag contribution
Sph [156]. The diffusion component Sd is a measure of the average energy
transported by the an electron (or hole) above the Fermi level under the open
circuit condition [5]. It is expressed by Eq. 4.1
Sd =
1
eT
(〈τE〉
〈τ〉 − EF
)
=
1
eT
(∫∞
Eb
ED(E)v(E)Λ(E)∂f0
∂E
dE∫∞
Eb
D(E)v(E)Λ(E)∂f0
∂E
dE
− EF
)
(4.1)
where D(E) is density of states, v(E) is the velocity of the carrier and f0 is
the equilibrium Fermi-Dirac distribution at temperature T , EF is the Fermi
energy and energy at band edge Eb is set to be zero, Λ(E) = v(E)τ(E) is the
electron mean free path (MFP). The first term in Eq. 4.1 depends ont the
dominant carrier scattering process and second term i.e. the Fermi energy
EF depends on the carrier concentration. In order to evaluate this scattering
process there are two approaches [20]: (1) solve the Boltzman transport
equation for detailed carrier scattering rates with acoustic phonons, ionic
impurities, inter-valley scattering, boundary scattering, optical phonon and
plasma scattering. The overall scattering rate τ−1 or MFP Λ is evaluated
by Matthiessen’s rule [21]; (2) assume the electron mean free path follows
a power law dependence on energy Λ ∝ Er where r is the characteristic
scattering constant [157], or electron relaxation time τe ∝ Er−1/2. Using the
second approach, Sd can be written as
Sd =
kB
e
[
(r +D/2 + 1/2)Fr−1/2+D/2(η)
(r − 1/2 +D/2)Fr+D/2−3/2(η) − η
]
(4.2)
where D is the dimensionality factor, eta is the reduced Fermi energy and
Fj(η) =
∫∞
0
xj
1+exp(x−η)dx is the jth order Fermi-Dirac intergral. Note that
scattering constant r defined here has a 1/2 difference with the definition by
Pichanusakorn and Bandaru [157]. In the case of 3D material, Sd is simplified
as
Sd =
kB
e
[
(r + 2)Fr+1(η)
(r + 1)Fr(η)
− η
]
(4.3)
Normally, the scattering constant r varies between 0 and 2 [20]. r = 0
stands for scattering with longitudinal acoustic phonon, r = 1 is for optical
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phonon scattering and r = 2 represents the extreme limit for ionic impurity
scattering.
In the case of degenerately doped semiconductor or metal, diffusion part
of Seebeck can be descried by Mott formula [158], shown in Eq. 4.4
Sd =
pi2
3
k2BT
e
{
d[ln(σ(E))]
dE
}
E=EF
(4.4)
where σ(E) = e2τ(E)v2D(E) is differential conductivity which is a measure
of contribution of electrons with energy E to the total electrical conductivity
(total conductivity σ =
∫
σ(E)
(− ∂f
∂E
)
dE). Mott formula is general valid
regardless of conduction mechanisms, to name a few, through band states,
localized states, hopping and etc [159]. For nearly free electrons or holes, Eq.
4.4 can be further calculated as in Eq. 4.5 [160]
Sd =
8pi2kB
2
3eh
m∗T
( pi
3n
)2/3(
1 +
d(ln(λ))
d ln(E)
)
E=EF
(4.5)
where m∗ is the density of states effective mass [6, 160], in Si for hole m∗ =
0.81me; n is carrier concentration and λ is scattering length. In the case of
parabolic band and energy-independent approximation [160], Eq. 4.5 has the
simplest form
S
.
=
8pi2kB
2
3eh
m∗T
( pi
3n
)2/3
(4.6)
Theory and experiment work on phonon drag component Sph is incom-
plete. Contributions of phonon drag were first observed in low temperature
Seebeck coefficient of single crystal bulk Si [161, 162] and Ge [156, 163].
Previous theories proposed a non-equilibrium approach to model momentum
exchange between electron and phonon [164]. People had the notion that Sd
reduced significantly at room temperature especially at highly doped materi-
al [165], Sadhu et al. [20] recently discovered that contrary to the traditional
understanding, phonon drag contributed significantly of the Seebeck coeffi-
cient of Si (∼ 33 %) even at 300 K and ∼ 1019 cm-3 doping. And at the
same time phonon boundary scattering completely quenched Sd in silicon
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nanowires.
Traditionally phonon drag component in semiconductor was modeled by
Sph =
1
3ne
∫
ω
Cω
τpp(ω)
τpp(ω) + τep(ω)
dω (4.7)
where Cω is the volumetric specific heat capacity of phonon mode, τpp is the
phonon lattice interaction relaxation rate and τep is the electron phonon in-
teraction relaxation rate. From Eq. 4.7 we see that when Umklapp scattering
starts τpp is reduced significantly hence quenched the Sph, similar arguments
also applies in the highly doped case when phonon impurity scattering is
increased. This is how the traditional interpretation that Sph is inconsequen-
tial at room temperature and highly doping comes from. However, Sadhu et
al. [20] pointed out that a spectrum of phonon frequencies contributing to
phonon drag component Sd should be considered, i.e. low frequency phonons
that contribute to Sph and high frequency phonons which is important in heat
conduction should be distinguished. With this consideration, an frequency
upper limit in the integral of Eq. 4.7 has to be placed. Sadhu provided a
formal theory for phonon drag component Sph [20].
4.3.3 Explanation of Seebeck coefficient of porous silicon
nanowire
In our previous study we discovered that in silicon nanowire, the phonon
drag contribution was completely quenched by phonon boundary scattering
and left with diffusion part Sd. Since all the porous silicon nanowires were
fabricated from degenerately doped silicon, we first simply analyzed the See-
beck coefficient with Mott formula Eq. 4.6. For post-doped porous wires, By
fitting S-T with Mott formula we can extract the actual amount of carriers.
The fitting is shown in Fig. 4.13. For 950 ◦C post-doped sample, we can
fit the data from 25 K to 405 K; however for 950 ◦C post-doped nanowire,
S deviates from Mott formula below 50 K. This may indicate that at low
temperature, phonon drag still exists in 900 ◦C doped sample [160, 20].
For porous nanowire post doped at 950 ◦C, we extracted carrier concen-
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Figure 4.13: Seebeck coefficient of post-doped porous nanowire
(post-doping temperature 900 ◦C and 950 ◦C) fitted by Mott formula.
Carrier concentration extracted is about 1.6× 1020 cm-3 and 4.5× 1019 cm-3
for 950 and 900 ◦C) post-doped sample respectively.
tration to be about 1.6 × 1020 cm-3 and for 900 ◦C post-doped nanowire,
we extracted the hole concentration is about 4.5 × 1019 cm-3. These results
agree fairly well with the analysis of Raman spectrum discussed in Section
4.2.
Now let us investigate the electron transport by analyzing the Seebeck co-
efficient with Eq. 4.3. For as-etched nanowire, the low electrical conductivity
may be due to loss of free carriers which are trapped by surface states. More-
over, disturbance either from surface states trapping or disordered structure
caused geometrical effect also reduces carrier mobility significantly. We have
discussed this in Section 2.3. From Raman analysis of the as-etched nanowire,
we concluded the hole concentration in as-etched nanowires was less than
1.5× 1019 cm-3 and larger than 5× 1018 cm-3. As mentioned in Section 4.1.2,
due to the fact the wire resistance dominates over contact resistance, we
were able to measure the as-etched porous wire electrical conductivity based
on a two-point probe array scale. We measured conductivity as function of
temperature, shown in Fig. 4.14. Since µ = σ/(ne) and n is constant with
temperature for degenerately doped silicon, carrier mobility and conductance
of our as-etched nanowire should follow the same temperature trend. It make
sense for us to also plot the mobility data of a porous silicon from Ref. [77]
in the same figure under same scale as a comparison.
67
200 300 400
10-5
10-4
5x10-4
 (
-1
 c
m
-1
)
T(K)
10-5
10-4
5x10-4
electrical conductivity of
as-etched porous Si NW
 (c
m
2 /
V 
s)
p-Si bulk mobility
(literature value)
Figure 4.14: Measured electrical conductivity of as-etched porous nanowire
as a function of temperature. Literature data of porous silicon mobility is
shown as a comparison [77].
Carrier mobility can also be described by the energy scattering exponent
r as in Eq. 4.8 [157]. For a given system, both diffusion contributed Seebeck
coefficient and mobility should have the same scattering energy parameter r.
Thus we can fit Seebeck coefficient (diffusion dominated) and conductivity
(identical to mobility fitting) separately to extract the scattering parameter
r, only the actual carrier concentration condition can give a good match
between the two exponents.
σ ∝ µ = A e
mσ
(kBT )
r−1/2 Fr(η)
F1/2(η)
(4.8)
To start with we tried to fit the Seebeck coefficient of as-etched nanowire
by setting carrier concentration to be the same as doping level ∼ 3 × 1019
cm-3. We require an abnormally high scattering index r = 3.8 while a best
fit for conductivity gives r = 3. This further verifies that the free carrier
concentration is less than the doping level. We then repeat this procedure
in the range of 5 × 1018 < n < 1.5 × 1019 cm-3. r = 2.6 ∼ 2.7 gives a good
fit for electrical conductivity fit in all the tested carrier concentration range,
while for Seebeck coefficient, r = 2.3 ∼ 2.7 can fit the data because of the
large measurement error. The fitting for n = 1.3 × 1019 cm-3 and r = 2.7 is
shown in Fig. 4.15.
Based on the fitting result, we estimate the free carrier concentration in
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Figure 4.15: Electrical conductivity and Seebeck coefficient fitting of
as-etched porous silicon nanowire. Here we are using carrier concentration
1.3× 1019 cm-3 and scattering parameter r = 2.7.
as-etched nanowire to be around 1×1019 cm-3. It is clear that both reduction
of free carriers and their mobility contribute to the low electrical conductiv-
ity. The extraordinary large r may indicate a strong electron scattering in
as-etched porous nanowires.
For porous nanowire post-doped at 900 ◦C and 950 ◦C, we directly use
n = 4.5 × 1019 cm-3 and n = 1.6 × 1020 cm-3 respectively. The fitting result
is shown in Fig. 4.16. We extracted r = 0.7 for 900 ◦C post-doped nanowire
and r = 0 for 950 ◦C post-doped nanowire. r = 0 is a clear evidence that
the dominant scattering is electron acoustic phonon scattering. Electron
scattering is enhanced in 900 ◦C post-doped nanowire which means porous
structure may also play a role in electron transport.
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Figure 4.16: Seebeck coefficient fitting of porous silicon nanowire post
doped at 900 ◦C and 950 ◦C. Carrier concentration and scattering
component are n = 4.5× 1019, r = 0.7 and n = 1.6× 1020, r = 0
respectively.
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CHAPTER 5
THERMAL TRANSPORT IN POROUS
SILICON NANOWIRE
5.1 Detailed thermal conductivity measurement
results
We have measured thermal conductivity data of as-etched porous nanowire,
900 ◦C and 950 ◦C post-doped porous nanowire from 30∼405 K using the
platform discussed in Section 3.2. As mentioned previously, SOG thermal
conductivity should be accurately determined at all the measurement tem-
perature. We spun coat SOG on silicon substrate and measured its thickness
by both ellipsometry (n and k of our SOG were extracted and attached in
Appendix B and cross-section SEM. Then we directly patterned gold heater
onto it since SOG itself was a good dieletric material and conducted 3ω
measurement. The measurement result is shown in Fig. 5.1.
By differential measurement we extracted the thermal conductivity of
nanowire/SOG composite, the composite thermal conductivities of all the
porous nanowires are shown in Fig. 5.2. Thermal conductivity of SOG is
also included in the plot.
Knowing area coverage of nanowire as x, we can calculate thermal conduc-
tivity of nanowire by [kcomp−(1−x)kSOG]/x. Experiment results are shown in
Fig. 5.3. Big error bar mainly comes from the geometrical factors, i.e. actual
conducting length and area as discussed in Section 3.2.2. Error was analyzed
as described in Section 3.2.2, the overall uncertainty in thermal conductivity
was between 23 ∼24%. Within the error range, all the measured nanowire
have similar thermal conductivity regardless of doping condition, this may
indicate that the low thermal conductivity should mainly be attributed to
the porous structure.
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Figure 5.1: Thermal conductivity of SOG used in our experiment
(Filmtronicsr SOG 500F). Thermal Conductivity of SOG 314 measured by
Costescu et al. [93] is shown as a reference.
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Figure 5.2: Thermal conductivity of nanowire and SOG composite, the NW
sampless are as-etched porous nanowire, 900 ◦C and 950 ◦C post-doped
porous nanowire.
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Figure 5.3: Thermal conductivity of as-etched porous nanowire, 900 ◦C and
950 ◦C post-doped porous nanowire.
5.2 Thermal conductivity modeling theory
5.2.1 Lattice thermal conductivity from kinetic theory
By kinetic theory lattice thermal conductivity is expressed as
kL =
1
3
3∑
i=1
∫ qc
0
τi(q)vi
2(q)
∂f
∂T
~ωi(q)Di(q) dq (5.1)
where f is the Bose-Einstein distribution for phonon f = 1
exp
(
~ω
kBT
)
−1 , qc is
the cut-off wave vector. The sum is over three acoustic phonon branches
which are two transverse branches and one longitudinal branch, and optical
branches do not contribute to thermal transport. By taking the derivative
of Bose-Einstein distribution, we write the equation above as
kL =
1
3
3∑
i=1
∫ qc
0
τi(q)vi
2(q)
exp
(
~ωi
kBT
)
[
exp
(
~ωi
kBT
)
− 1
]2 (~ωi)2kBT 2 q
2
i
2pi2
dq (5.2)
In stead of doing calculation by summing over all three acoustic branches, a
simpler treatment is lumping them into a single but triply degenerate branch
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[166]. From this single acoustic branch we can extract an effective sound
velocity vs. vs should be determined through a proper average such that
the thermal conductivity k(T ) modeling should be exact at low temperature
limit when phonon MFP is only limited by frequency-independent boundary
scattering[166]. This leads to in Eq. 5.3 [166]
1
vs2
=
1
3
(
1
vsL
+
2
vsT 2
)
(5.3)
where in Si, vsL is 8973 m/s and vsT is 5398 m/s and as a result vs = 6084
m/s [167, 168, 166].
With averaged vs the lattice thermal conductivity can be simplified as
kL =
∫ qc
0
τvs
2
exp
(
~ω
kBT
)
[
exp
(
~ω
kBT
)
− 1
]2 (~ω)2kBT 2 q
2
2pi2
dq (5.4)
Phonon acoustic branches had a variety of approximation, the most widely
used dispersion was the Debye liner model ω = vsq. Debye cut-off frequen-
cy ωD = 8.6 × 1013 rad/s has been used as cut-off frequency traditional-
ly [169, 170], other values like ωD = 6.93 × 1013 rad/s was also adopted
[171]. Mingo [170] suggested that theoretical calculation using a lower cut-
off frequency ωc = 4.2 × 1013 rad/s agreed well with experimental silicon
nanowire thermal conductivity. Ma et al. used ωc = 4.3 × 1013 rad/s when
explaining thermal conductivity of inverse opal [43]. Other approximated
dispersions were also used, such as sine-type Born-von Karman dispersion
ω = ω0 sin
(
piq
2q0
)
[166, 171], fourth order polynomial [172]. Mingo used com-
plete phonon dispersion relations which did not require any externally im-
posed frequency cut-off to predictively calculate lattice thermal conductivity
of silicon nanowire [170].
The original model for scattering time was developed by Callaway [169]
and Holland [173]. The scattering rate can be written as τ−1 =
n∑
i=1
τi
−1 by
Matthiessen’s rule. Impurity scattering is always modeled as τ−1imp = Aω
4,;
anharmonic scattering is modeled as τ−1U = Bω
2Te−C/T . A, B, C are all
numerical constants and we will discuss this shortly. Phonon crystal bound-
ary scattering is τ−1b = v/(FL) where F is a geometric parameter represents
74
a correction due to the finite length to thickness ratio and sample surface
roughness, for example, to fit the bulk low-doped silicon thermal conduc-
tivity F = 0.6 for dimension L = 7 mm. In highly doped silicon, correct
modeling of phonon-electron scattering is crucial [174, 21].
Impurity scattering can come from isotope, impurity or defects, the overall
effects would be A =
∑
j
Aj. In the case of isotope and impurity dopants, an
analytical expression considering the mass difference is [174]
AδM =
nV2
4piv2s
(
1− M0
M
)2
(5.5)
where n is the volumetric concentration of point imperfections, M and V
are mass and crystal volume of host atom, i.e. Si in our case, M0 is the
mass of imperfection. For intrinsic silicon, A = 1.32×10−45 s3 due to isotope
scattering is obtained [173, 174, 170]. A more general form of mass difference
induced constant in the case of multiple point imperfections is [21]
AδM =
nV 2
4pivs3
∑
i
fi
(
1− Mi
M
)2
(5.6)
where fi is the percentage of imperfection type i whose mass is Mi. In the
case of highly doped silicon more effects contribute to constant A. Lattice
distortion due to imperfection also changes the relaxation time and the cor-
responding scattering constant is
AδR =
2nV 2
pivs3
Q20γ
(
δR
R
)2
(5.7)
where γ is Gru¨neisen constant and parameter Q0 describes how the nearest
and further-out linkage combine in scattering matrix [174]. Asheghi et al.
obtained AδR to be 2.66×10−45 s3 for a phosphorous doping of 1.7×1020 cm-3
[174]. Besides AδM and AδR, unintentional impurity (such as oxygen atom
contamination) induced scattering constant Ax may contribute more in the
case of highly doped silicon. Asheghi et al. discovered that Ax = 11.75×10−45
s3 was required in order to explain some of their data [174].
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As to anharmonic scattering, both normal and Umklapp process should
be included. Mingo [170] pointed out that at higher frequencies Umklapp
scattering dominates over normal process, and in the case of system with
small dimension, boundary scattering dominates at lower frequencies. B and
C can be adjusted in order to reproduce the bulk thermal conductivity data
and various values were adopted in literature [170, 171, 21].
Phonon-electron scattering modeling is challenging and complicated. Asheghi
et al. [174] employed deformation potential and shear deformation potential
for phonon scattering with free electrons [175, 167, 176] and bound electron-
s/holes [177, 178, 179] respectively. Phonon-free electron/hole scattering rate
was modeled as τ−1e ∝ (E2DT/v2) for wavevector q < 2KF where kF was min-
imum allowable wavevector of electrons to interact with phonons, while for
q > 2KF , τ
−1
e ∝ (E2DT/q5). Deformation potential has to be obtained for
different doping level. To account for all the doping range, Ma et al. [21]
evaluated transition rate due to phonon electron scattering first and later
summed all the rates over spins, valleys and all final electronic states.
In our data analysis, phonon-electron scattering is calculated by τ−1elec =
vsΛ
−1 where the phonon-electron scattering mean free path is
Λ−1ph−elec =
~ω
kBT
1
2lae
f0(
q
2
) (5.8)
lae =
pi~4ρv2
me2Ξ2kBT
f0(
q
2
) =
1
1 + exp
(
~2q2
8mekBT
− EF−Ec
kBT
)
where Ξ is the deformation potential. To calculate the reduced Fermi energy
η = (EF−EC)/kBT (for hole η = (EV −EF )/kBT ), we start with the carrier
concentration calculation in conduction band (or valence band). Use electron
as an example, electron concentration is calculated as in Eq. 5.9
n =
∫ ∞
EC
D(E)f0(E) dE =
∫ ∞
EC
D(E) dE
1 + exp
(
E−EF
kBT
) (5.9)
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where EC is the energy of conduction band, f0(E) is Fermi-Dirac distribution,
D(E) is the density of states. For a three dimensional system with parabolic
conduction band, we calculate the carrier concentration to be
n = 2
(
2pim∗ekBT
h2
)3/2
2√
pi
∫ ∞
0
x1/2
1 + exp(x− η) dx (5.10)
where m∗e is the density of states effective mass of electrons. And we can
define the density of states of electrons in conduction band as
NC = 2
(
2pime
∗kBT
h2
)3/2
(5.11)
and we see that F1/2(η) =
∫∞
0
x1/2
1+exp(x−η) dx is Fermi-Dirac integral of order
1/2. We can define it in another way as
F1/2(η) =
2√
pi
∫ ∞
0
x1/2
1 + exp(x− η) dx (5.12)
More generally,Fj(η) = Fj(η)/Γ(j+1). Fermi integral can only be numer-
ically calculated and Ref. [180] provides a good reference. The the electron
concentration is then n = NCF1/2(η). If we know the doping concentration
as ND, then the carrier concentration can be calculated using Eq. 5.13
n = ND
(
1− 1
1 + 1
gD
exp [(ED − EF )/kBT ]
)
(5.13)
where ED is the ionization energy for donor atoms, the factor gD = 2 stands
for the ground state degeneracy of donor impurity level. For holes, the ionized
acceptors is calculated as in Eq. 5.14
p = NA
(
1− 1
1 + 1
gA
exp [(EF − EA)/kBT ]
)
(5.14)
where EA is the ionization energy for acceptor atoms, the factor gA = 4 stands
for the ground state degeneracy of acceptor impurity level which comes from
that the doubly degenerate acceptor level can accept one hole of either spin
[181]. For degenerately doped silicon, we can simply use n = ND or p = NA.
By equating Eq. 5.13 or Eq. 5.14 (p-type) and Eq. 5.10 we can solve for the
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reduced Fermi energy η. We can also use an approximate expressions, for
example Eq. 5.15 proposed by Joyce and Dixon [182].
η ∼= ln n
NC
+
1√
8
n
NC
−
(
3
16
−
√
3
9
)(
n
NC
)2
+ · · · (5.15)
However this approximation is not accurate for η > 2. For calculation of
holes, we just replace the density of states effective mass of electrons with
that of holes. In silicon, for electrons m∗e = 1.08me and for holes mh
∗ =
0.81me.
5.2.2 Electron contribution to thermal conductivity
Heat can also carried by electrons diffusion and Wiedemann-Franz law de-
scribes the electron contribution ke to be
ke = σLT (5.16)
where σ is electrical conductivity, L is Lorenz number and T is temperature.
An empirical value of Lorenz number is normally used in the case of metal,
where L = pi
2
3
(kB/e)
2 = 2.44 × 10−8 W Ω K-2. For bulk silicon, lattice
thermal conductivity dominates. However in the case of porous nanowire,
since the thermal conductivity value is quite low as shown in Fig. 5.3, ke
may contribute a large portion especially in the post-doped nanowires. We
should carefully examine the value of Lorentz number. Pichanusakorn and
Bandaru [157] provided an accurate expression for L, shown in Eq. 5.17.
L =
(
kB
e
)2 (r + D2 + 32)Fr+D/2+1/2(η)(
r + D
2
− 1
2
)
Fr+D/2−3/2(η)
−
((
r + D
2
+ 1
2
)
Fr+D/2−1/2(η)(
r + D
2
− 1
2
)
Fr+D/2−3/2(η)
)2
(5.17)
where r is the scattering constant as defined in Section 4.3.2, again we should
be noted that scattering energy dependent parameter r defined here has
a 1/2 difference with the definition by Pichanusakorn and Bandaru [157].
D is dimensionality factor, η is the reduced Fermi energy and Fj(η) =∫∞
0
xj
exp(x−η)+1dx is the jth order Fermi integral. We see from Fig. 5.4 that
for η > 10, L ∼= 2.44 × 10−18 W Ω K-2. At higher temperature (small η),
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Figure 5.4: Lorenz number as a function of reduced Fermi energy. For
carrier concentration 3× 1019 cm-3, η ≈ 1 at 300 K and η ≈ 25 at 20 K.
Figure was regenerated followed Ref. [157].
L is smaller than the empirical value, and the difference for large scatter-
ing constant is small. As a result, for our post-doped nanowires where the
carrier concentration is more than 3× 1019 cm-3 (which means larger η at a
certain temperature) and large scattering constant, it would be reasonable
to use empirical Lorentz number across the measurement temperature range
to estimate ke.
The electrical conductivity as a function of temperature can also be mod-
eled. However the process is complicated and may not agree with the ex-
perimental data. Here we simply fitted experimental value to extract σ-T
relations [183].
5.2.3 Porosity effect
Porous structure is a two-phase system. The simplest form is that two ma-
terials form parallel or series transport network. For materials with thermal
conductivity k1 and k2 (volume fraction φ), the effective thermal conductiv-
ities are:
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parallell keff = (1− φ)k1 + φk2 (5.18)
series keff =
(
1− φ
k1
+
φ
k2
)−1
(5.19)
Our SOG/nanoiwire is a parallel thermal transport network. For a porous
system, the second phase is usually air or vacuum, a simple treatment would
be the effective medium theory (EMT) originally proposed by Maxwell [184].
In this model, the temperature field perturbation due to many small inclu-
sions was treated to be the same as one big inclusion. The shape of the void
is usually sphere and the effective medium thermal conductivity is then
keff =
1− φ
1 + φ/2
kS (5.20)
where kS is thermal conductivity of the solid part, this is known as Maxwell-
Eucken limit [185]. For solid with cylindrical inclusions the Eucken limit
is keff = kS(1 − φ)/(1 + 23φ) [186]. And for 2D system with infinitely long
cylindrical voids the effective thermal conductivity is keff = kS(1−φ)/(1+φ).
There are many complicated forms of effective medium theory and they were
summarized and reviewed in [187, 188]. Recent approaches in understanding
the thermal transport process in a porous medium were through computer
simulation. A pore network was first generated, for example, random fractal
square pore network [67], layers of different porosity [189], then simulated
heat flux transported from one side to the other side. The heat flux can be
modeled either with traditional Fourier equation or by solving Boltzmann
transport equation [67]. Meanwhile the solid thermal conductivity can be
modified by kinetic theory with estimated phonon MFP [67, 190].
In general, effective medium theory provides a good estimate for smal-
l porosity or when the contrast between two materials is small. However,
the prediction for a system with large porosity and/or big contrast between
materials is not reliable. Besides in the actual porous system such as porous
silicon or silicon nanowire, there are different morphologies with randomly
distributed pore of different sizes, irregular shapes and surfaces, which im-
poses great challenge to the effective medium theory.
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Figure 5.5: High resolution SEM image of porous nanowire top view. The
scale bar is 400 nm.
One critical information lacking in our porous nanowire is the actual poros-
ity. The porosity of porous nanowires can be characterized by Brunauer-
Emmett-Teller (BET) gas (nitrogen) adsorption method as described in [81].
In this method, approximately 15∼20 mg material is required in order to
minimize the mass determination error. In Hochbaum’s measurement they
used half a four inch wafer to generate about 40 µm long nanowire with area
coverage about 40%. Since the pore formation varies with etching, we need to
use porous nanowire with similar length for BET measurement. For porous
nanowire etched from highly doped p-type Si (< 5 mΩ·cm) the measured
pore volume was 0.88 cm3/g, using the density of silicon, we calculated the
porosity of their sample to be ∼67%. However in our nanowire fabrication
procedure, the area coverage was normally between 25% to 35% with wire
length about 1 µm, as a result at least 20 four-inch wafers are required. We
may get a sense of the pore size and coverage from a high resolution SEM of
wire top view, as illustrated in Fig. 5.5. From the SEM, the pore dimension
and the edge-to-edge dimension should be around 10 nm. We could not give
an number of porosity based on cross section analysis however it should be
much smaller than 67%.
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Figure 5.6: Thermal conductivity of highly boron doped p-type silicon. We
measured 3× 1019 cm-3 doped silicon and thermal conductivity values from
literature are also shown here as comparison [174].
5.3 Theoretical interpretation of porous silicon
nanowire thermal conductivity
5.3.1 Substrate thermal conductivity
From our measurement we also extracted the properties of substrate. Here
we present the thermal conductivity data of p-type silicon with Boron doping
concentration of 3× 1019 cm-3 in Fig. 5.6, as a comparison, we also plot the
thermal conductivity data of boron highly doped p-type Si at different level
doping level [174]. We see from the figure that thermal conductivity decreases
as doping concentration grows, besides the temperature at which thermal
conductivity peaks also become higher. Good agreement with literature value
validates our measurement.
We now try to explain our substrate thermal conductivity in which lat-
tice contribution dominates. The fitting result using a simple Debye linear
dispersion is shown in Fig. 5.7. Phonon-electron scattering was modeled us-
ing the approach we discussed above. The fitting parameters we obtain are
A = 3× 10−45 s3, B = 2.2× 10−19 s/K, C = 110 K and Ξ = 2 eV. As we dis-
cussed before in 3ω method, resistance temperature calibration is flat below
30 K and dR/dT changes rapidly in that region. The calculated temperature
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Figure 5.7: Thermal conductivity fitting of 3× 1019 cm-3 boron doped
p-type silicon with listed parameters. We use linear Debye dispersion with
cut-off angular frequency ωc = 4.3× 1013 rad/s.
increase would be overestimated and thus result in a lower thermal conduc-
tivity. This explains why the fitting curve in low temperatures is higher than
the experimental curve in Fig. 5.7. We include thermal conductivity below
30 K as a reference although they are not very reliable due to limitations of
3ω method. The accuracy of fitting also depends on precise determination of
carrier concentration. We can only estimate the doping concentration from
SIMS characterization and its error affects the phonon electron scattering
modeling.
5.3.2 Porous NW thermal conductivity modeling
In porous nanowire, in addition to the scattering we mentioned above, the
major challenge is how to model the phonon scattering with nano-crystalline
or pores. The simplest treatment is considering it as boundary scattering
τ−1pore ∝ vs/dg, where dg is size related to porous structure and independent of
phonon frequency, this is referred to as gray assumption [171]. For example,
Hopkins [172] used distance between pores as critical dimension when inter-
preting thermal conductivity data of Song et al’s porous Si film [38] and their
Si phononic crystal [186]. A more general approach is to model nanocrys-
talline scattering as frequency dependent τ−1pore ∝ vsωn/dg with n ranges from
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Figure 5.8: Comparison of scattering rates at room temperature.
0 ∼ 2. [191]. Wang et al. [171] adopted this and modeled grain boundary
scattering as
τpore =
vs
αd
ω
βωc
(5.21)
where α is the geometry factor that considers the transmission through grain
boundary, β is dispersion dependent constant. Wang et al. further pointed
out that β should be fixed because gray scattering rate was a limit of Eq. 5.21
when strong boundary scattering happened at T >> TDebye [171]. β = 2/3
for Debye dispersion and β ∼ 0.71 for Born-von Karman dispersion. Fang
et al. applied the same treatment when analyzing the thermal conductivity
of of ordered mesoporous nanocrystalline silicon thin film and obtained good
fit across the measurement temperature range [42]. We now fit the measured
effective thermal conductivity with both τ−1pore ∝ ω0 and τ−1pore ∝ ω1 first.
We also plot different scattering rate at 300 K in Fig. 5.8, it is clear that
phonon nanocrystalline scattering dominates.
As we discussed previously, here we just treat the porosity effect by a scal-
ing factor, thus our fitting of effective thermal conductivity is valid without
losing physical meaning. Besides, we also set critical nanocrystalline dimen-
sion as a fitting parameter. Since BvK and Debye dispersion gave very close
fitting for bulk data, we will only use Debye dispersion with cut-off angular
frequency ωc = 4.3 × 1013 rad/s. We already know that σ is very small for
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Figure 5.9: Thermal conductivity fitting of as-etched porous NW by
assuming phonon nanocrystalline scattering rate is proportional to ω0 and
ω1.
as-etched nanowire and hence electron thermal conductivity ke is negligible.
We see from Fig. 5.9 that both ω0 and ω1 assumption cannot capture the
low temperature dependence.
We now assume the phonon nanocrystalline scattering rate is proportion-
al to ω2 and repeating the fitting process. The fitting result of as-etched
porous nanowire is shown in Fig. 5.10. Within the error range, we obtain
good match in the whole temperature range.
For post-doped nanowires thermal conductivity, we have to consider the
electron contribution ke. However, except carrier concentration extracted
Seebeck coefficient analysis we do not know the exact electrical conductivi-
ty. Carrier transport in porous silicon nanowire is a complex and not fully
understood process. In order to model the mobility, except the well studied
electron scattering process such as scattering with impurity and phonons,
we also have to include the surface state trapping and disordered structure
effect. Here we discuss two extremes. The lower limit of ke can be estimated
from the upper limit of the post doped nanowire which was extracted from
the two-point probe electrical measurement. We have discuss this in Section
4.1.1. For 950 ◦C post-doped nanowire, the upper limit of electrical resistiv-
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Figure 5.10: Thermal conductivity fitting of as-etched porous nanowire by
assuming phonon nanocrystalline scattering rate is proportional to ω2.
ity is on the order of 10 ∼ 102 Ω·cm, i.e. the conductivity is on the order
of 10−1 ∼ 10−2 Ω−1·cm-1. By WiedemannCFranz law, ke cannot be larger
than 7.32×10−5 W/(m·K) at 300 K and 4.88×10−6 W/(m·K) at 20 K. This
means that ke can also be neglected in the lower limit. When assuming the
carrier mobility is the same as bulk value, we obtain the upper limit of ke.
We obtain σ(T ) simply from fitting literature value at similar doping level
[183]. We first try to fit the effective thermal conductivity of post-doped
nanowire with only lattice contribution as shown in Fig. 5.11. Upper limit
of ke is also included.
Compared with ke, at low temperature kph dominates, however we see that
high temperature, only kph cannot explain the increasing trend. It is a clear
evidence that ke contributes more to the post-doped thermal conductivity.
Intriguingly, this may indicate that the resistivity of our post doped nanowire
is much lower than value extracted from the two-point probe measurement.
If we add the upper limit ke and redo the fitting, we can match the high
temperature part as shown in Fig. 5.12.
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5.4 Discussion
It would be worthwhile to estimate lower limit of thermal conductivity of
the disordered crystalline silicon by a amorphous limit model proposed by
Cahill et al. [192] and compare that with our experimental data. This model
assumed that the heat transport in crystals was a random walk of the thermal
energy only between neighboring atoms vibrating randomly and the resulting
thermal conductivity is
kmin =
(pi
6
)1/3
kBn
2/3
∑
i
vi
(
T
θi
)2 ∫ θi/T
0
x3ex
(ex − 1)2 dx (5.22)
The sum is over the three acoustic modes with speed of sound vi, and Θi =
vi(~/kB)(6pi2n)1/3 is the cut-off frequency for each polarization expressed in
degree K where n is the atom number density. We calculate the minimum
thermal conductivity of disordered silicon and compare with as-etched porous
nanowire shown in Fig. 5.13. Our measured thermal conductivity of porous
silicon nanowire is above the lower limit. At low temperature, this lower
limit model model has T 2 dependence but predicts thermal conductivity
values much lower than our experimental data. In order to fit our data with
this model, we either have to increase the speed of sound or atomic density
which can not be valid for porous structure.
How to model phonon pore multiple scattering is a challenging problem.
We see that scattering rate with ω2 dependence explained our data very
well. However we are still working on the formulation which will appear in
our following publication. Here we will briefly review the related work on
wave multiple scattering that has been studied in decades. In an early s-
tudy of radiation scattering by Pekeris [193], each scattering was treated as
a perturbation and the intensity after multiple scattering was calculated to
be Escatt ∝ q4f(q), where q is the wave vector, q4 represents the Rayleigh
scattering and f(q) introduces additional ω dependence.
In following studies, to simplify the problem, the actual scattering system
(nanowire in our case) was divided into many thin slices and later integral
over them [194, 195]. Wave scattering in such a thin slice is illustrated in
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Fig. 5.14.
Following Fejer’s derivation [194], loss of power density from the un-scattered
wave by scattering in a slice of thickness dz can be written as
dQ = −QAdz (5.23)
where A is total power removed from an incident beam with unit power when
scattering with unit thickness slice. We further define B = Az as “effective
depth of scattering”, then Eq. 5.23 can be written as
dQ
dB
= −Q (5.24)
After one scattering the total power density is Q1, the loss of power can
be written as
dQ1 = −Q1Adz +QAdz (5.25)
where −Q1Adz is the loss term and QAdz is the gain from the scattering
from previous un-scattered wave. Again we can re-write the equation as Eq.
5.24 to be
dQ1
dB
= −Q1 +Q (5.26)
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Figure 5.14: Geometry of wave scattering in a slice of material. Figure is
regenerated after Ref. [195].
Similary, power density Qn for n times scattering wave is
dQn
dB
= −Qn +Qn−1 (5.27)
Knopoff et al. worked out the solution [196] that the leading term is τ−1 ∝
ω2 for short wavelengths approximation and the next term varies as ω0.
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CHAPTER 6
CONCLUSION AND FUTURE WORK
In this dissertation, we have investigated the thermoelectric properties of
porous silicon nanowire which was fabricated from degenerately doped p-
type silicon by a electroless etching method namely MacEtch (metal assisted
chemical etch). We mainly focused on improving its electrical performance
by post-doping while preserving its ultra low thermal conductivity and high
Seebeck coefficient. Using a frequency domain measurement technique, we
simultaneously characterized thermal conductivity and Seebeck coefficient of
porous silicon nanowire arrays. At the same time, we have applied various
methods including I-V test and Raman spectroscopy to explore the electrical
transport properties at different doping conditions. Electrical and thermal
transport in such a highly disordered system is a complex process and yet
not well understood. We interpreted the measured data based on charge
carrier and phonon transport theory and hope to gain insight into the trans-
port phenomena in porous nanostructure. In this chapter, we will not only
summarize our key observations and conclusions but also briefly discuss the
future directions for potential application.
MacEtch method has the advantage that nanowire can be fast and mas-
sively fabricated. In order to fabricate an etching template, we performed
rapid thermal annealing a thin silver film and produced isolated silver parti-
cles which were later served as a lift-off mask for gold. Though this procedure
does not require sophisticated steps and delicate operation, the major draw-
back comes from the fact that dewetting is a random process. Uniform and
complete lift-off of gold film is key to the success of nanowire fabrication, this
requires accurate control of silver particle size as well as gold film thickness
and grain size. Moreover the varied working condition of metal evaporation
equipment we were using imposed more challenges. Although we may empir-
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ically estimate from color change, except checking with SEM we still lack a
reliable and fast method to evaluate the dewetting and lift-off process. As a
result, we need to carefully calibrate the fabrication recipe through extensive-
ly fabrication trials and SEM characterization. Also the irregular celery like
cross section due to the randomness of gold etching mask introduces more
error into properties characterization especially single wire measurement.
In porous nanowire fabrication specifically, we can roughly control the
porosity and pore size by changing the HF to H2O2 ratio [85], and we can
also control the etching rate by temperature. By transmission electron mi-
croscope (TEM) we are able to verify the porous structure and nanowire
remains crystalline. However TEM image is a projection of crystal planes,
we could not precisely determine the pore/nanocrystalline size and porosity.
High resolution SEM image of wire top view provides us some intuitive un-
derstanding of the pore morphology. We also estimated the crystalline size by
analyzing the Raman spectrum using a phonon confinement model, however
several assumptions have to be made. BET method is the only known way
for porosity determination of nanowires, however it requires more than 15 mg
samples. An accurate porosity value would be beneficial for understanding
the transport process.
To enhance the electrical conductivity of porous silicon nanowire, we con-
ducted post-doping. Post doping temperature set the achievable carrier con-
centration via boron solubility and time determines the uniformity of doping
profile. We characterized the doping concentration by secondary ion mass
spectroscopy (SIMS). Surprisingly, the post-doped nanowire has larger dop-
ing concentration than the boron solubility at corresponding doping tem-
perature. This was also observed elsewhere and interpreted by formation of
boron silicon cluster [154]. We chose a doping temperature from 800 ∼ 950
◦C at which boron solubility exceeds the substrate doping concentration. By
two-point probe I-V measurement on the nanowire array, we discovered that
sample post doped at 900 ◦C and 950 ◦C showed increased conductivity. The
increment for 900 ◦C is at least one order and three orders for 950 ◦C doped
sample. One apparent reason for the enhancement of electrical conductivity
is increased doping atoms. However this is not the only reason. The carrier
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mobility also seems increased after post doping. It is possible that the post
doping procedure reduces the activation energy, or weaken the trapping ef-
fect due to surface states. Possible geometrical change may also improve the
electrical conductivity. The actual mechanism remains unknown and needs
deeply investigation.
In this work, we also applied Raman spectroscopy and developed the
method of extracting carrier concentration and size information. Raman
spectroscopy is a fast and non-destructive method, however the spectrum is
affected by different effects such as temperature, impurity, size, strain and
etc. By careful choice of incident laser power we can minimize the heat-
ing effect. We mainly attribute the Raman spectrum broadening and peak
shift to a combination of size induced phonon confinement and free carrier
effect. The key assumption in our Raman analysis is that different effects
are independent. As a result, we directly fit the spectrum with phonon con-
finement model and extract natural width Γ0 and size of nano crystalline.
This Γ0 should be purely due to free carrier based on our assumption. We
currently only compare this spectrum width with literature data on bulk
doped silicon. The most precise procedure however should be comparison
with calibrated bulk silicon spectrum data of the same Raman system. We
found good agreement in carrier concentration estimation between the Ra-
man spectrum approach and fitting of Seebeck coefficient by Mott formula.
As to the nanocrystalline size determination, the phonon confinement mod-
el has its limitation mainly comes from the phonon confinement constant β
which greatly affects the spectrum shape. Various values of β have been re-
ported in literature and there is no clear physical meaning of this parameter.
As a result, the extracted size information may only serve as a reference. We
applied the most commonly used value β = 2
√
2pi in current work.
The simultaneous measurement of thermal conductivity and Seebeck co-
efficient of nanowire array is developed from the 3ω technique. Compared
with traditional DC measurement, open circuit Seebeck voltage and tem-
perature increase have distinct frequency response and thus we are able to
exclude the side contribution, such as contact. We also briefly discussed the
limitation of this technique due to finite heater dimension and thermal wave
93
penetration depth. When measuring highly resistive material such as our
as-etched nanowire, Seebeck voltage V2ω has large phase shift compared with
the temperature increase ∆T2ω and can result in big error. In such a system,
it would be beneficial to use shorter wire/thinner film. Consistent heater
resistance temperature calibration is a crucial step for minimizing the mea-
surement error. We calibrated the heater resistance during the measurement
and thus this real-time calibration better represent the temperature response.
Our measured Seebeck coefficient of porous wire show distinct diffusion
contribution. In nanowire system, phonon drag contribution to Seebeck co-
efficient Sph is quenched [20]. We interpreted the data by both Mott formula
and diffusion component Sd calculation. We assumed energy dependent scat-
tering as Λ ∝ Er which can also be used for mobility calculation. As-etched
nanowire has similar Seebeck coefficient as the bulk substrate. By analyzing
S and σ at the same time, we extracted r = 2.7 for carrier concentration
n = 1.3× 1019 cm-3. The high scattering energy parameter may indicate the
enhanced scattering in as-etched porous wire. Seebeck coefficient of 950 ◦C
doped porous wire has metallic behaviour due to its high carrier concentra-
tion and we extract it to be 1.6 × 1020 cm-3 and this agrees very well with
our Raman spectrum analysis. We obtained r = 0 and this reveals that the
dominant electron scattering mechanism in 950 ◦C is via acoustic deforma-
tion potential. For porous nanowire post doped at 900 ◦C, it has metallic
behaviour above 50 K. By fitting the metallic region we estimated the carrier
concentration to be 4.5 × 1019 cm-3 which is also in good agreement with
Raman analysis. A value of r = 0.7 showed that electrons are scattered more
strongly than in the wire post-doped at 950 ◦C. The low temperature data
still requires more investigation and it may still include phonon drag contri-
bution.
In order to understand the ultra low thermal conductivity in porous sil-
icon nanowire, we mainly focused on modeling of phonon nanocrystalline
scattering. At low temperature, k ∝ T 1.8 may suggest τ−1 ∝ ω2 for phonon
pore multiple scattering. Although thermal conductivity temperature trend
is similar to the amorphous limit model prediction, we were unable to explain
the values based on physical assumptions using this model. Previous work
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on wave multiple scattering also showed ω2 frequency dependence and we
are still working on the formulation in porous nanowire. Moreover, thermal
conductivity fitting of post-doped nanowire may suggest much large electri-
cal conductivity.
Throughout our characterization, we demonstrated the potential of using
porous silicon nanowire for thermoelectric application. However to make a
device for practical power generation, we have to solve the many engineering
challenges such as heat exchanger design, nanowire assembling. One aspec-
t that is related to current research is to improve the metal/nanowire tip
contact. With good electrical contact we can greatly reduce the power loss.
One possible direction is applying an additional tip doping step as described
in Ref. [29]. The tip doping requires an additional SOG fill step which re-
quires accurate control of exposed tip length. Another possible direction is
to optimize the contact annealing recipe, we should be aware of the silicide
formation speed if higher temperature is used. The study on post-doping is
also relevant for other applications of porous silicon structures.
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APPENDIX A
DEPOSITION AND ETCHING RATE
Accurate control of dielectric film deposition and etching is key to the suc-
cess of fabrication. We have used PlasmaLab PECVD and Trion Minilock-
Orion PECVD System for oxide deposition and STS Mixed-Frequency Ni-
tride PECVD System for nitride deposition. We should always have a dummy
during deposition which will be later used to measure the film thickness. The
Deposition recipes we were using are:
• PlasmaLab: 6.7% power, 1000 mTorr throttle pressure, 18.6% gas flow
• Trion Minilock-Orion: low-dep recipe
• STS: (mixed frequency) 650 mTorr throttle pressure, platen tempera-
ture 300 ◦C, shower head temperature 240 ◦C; N2, SiH4 and NH3 flow
rate 1960 sccm, 40 sccm and 35 sccm repectively; power is 20 W.
In Seebeck measurement platform fabrication, we used dry etching by Plas-
maTherm Freon RIE in Frederick Seitz Material Research Laboratory (MR-
L). The etching recipe was: 30 sccm CF4 flow rate, 35 mTorr throtle pressure
and 100 W etching power. The calibrated etching rate was shown in Table.
A.2
In single wire electrical measurement, we mainly applied wet etching. The
etching rates by 10:1 BOE under room temperature were also calibrated, as
Table A.1: PECVD SiO2 and SiNx film deposition rate.
Material Deposition Rate
nm/min
SiO2 (PlasmaLab) ∼11.6
SiO2 (Trion) 36∼37
SiNx (STS, MF) 12.2∼12.7
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Table A.2: Dry etching rate by CF4.
Etched Material Etch Rate
nm/min
SiO2 ∼21
SOG (cured at 350 ◦C) ∼55
SiNx (MF) ∼60
Table A.3: Wet etching rate by 10:1 BOE at room termperature.
Etched Material Etch Rate
nm/min
SiO2 (PlasmaLab) ∼92
SiO2 (Trion) ∼78
SiNx (MF) ∼23
shown in Table. A.3
The rate listed above can be used as a reference but certain tolerance
should be considered. Since working condition of the equipment varies, it is
highly suggested to recalibrate the rate.
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APPENDIX B
SOG ELLIPSOMETRY
The SOG used in our experiment was Filmtronicsr 500F, spin coating recipe
were described in Section 3.2.3 and resulting film thickness on silicon wafer
was about 1167 nm. Ellipsometry measurement was conducted on a Woollam
VASEr Ellipsometer. We also measure the thickness by viewing the cross
section SEM and found good agreement. SOG was cured at 350 ◦C in N2
atmosphere. We found that ellipsometry measurement of SOG thickness was
insensitive to the extinction coefficient κ, and hence we can set it to zero.
The refractive index of SOG for wavelength between 300 nm and 800 nm was
shown in Fig. B.1
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Figure B.1: Refractive index of SOG at different wavelength.
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